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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
Cyst nematodes are some of the world’s most destructive plant pathogens. These sedentary 
endoparasites operate by infecting the roots of a large range of host plants. Heterodera glycines, the 
soybean cyst nematode (SCN), is known to cause almost a billion dollars in crop losses in the US 
alone (Wrather et al., 2001; Wrather and Koenning, 2006). The symptoms of these pathogens are 
relatively general, including: chlorotic leaves, stunted plants and a lack of canopy closure, which can 
often be confused with abiotic stresses. Often times, the nematode can cause significant yield loss 
with no above ground symptoms (Wang et al., 2003). Therefore, it is necessary to survey fields to 
determine the population levels of these devastating pathogens.  
Due to the soil borne nature of the infection, control methods for cyst nematodes are limited. 
Treatment with chemical nematicides is usually cost prohibitive and often dangerous. Current 
recommendations steer growers toward crop rotation and the use of resistant cultivars. However, 
nematodes can remain dormant in their cysts for up to a decade until a suitable host is present, 
lessening the effectiveness of crop rotation. Although hundreds of soybean cultivars with nematode 
resistance are currently available, most of the resistance is derived from a limited number of 
genotypes (Niblack et al., 2006). Therefore, resistance is often overcome by the pathogen in just a 
few growing seasons. Because of these challenges, considerable effort is being devoted to 
understanding the molecular mechanisms behind parasitism in order to develop novel strategies for 
resistance.  
Nematodes as plant pathogens have been studied since the mid 1700s when John Needham 
discovered their pathogenesis of wheat seeds. Since then much has been discerned about the diversity 
of parasitic nematodes and their general life cycles. The typical cyst nematode life cycle begins when 
the second-stage juvenile (J2) hatches from its egg and migrates through the soil towards a host root. 
Hatching and migration are both stimulated by environmental cues including root exudates and other 
plant secretions recognized by the nematode. Following hatching and migration, the vermiform J2 
penetrates the root, typically near the zone of elongation or near the lateral roots. Once inside, the cyst 
nematode travels between cells to the root’s vascular cylinder where it finds a cell suitable for feeding 
(Endo, 1964). This preliminary cell is the foundation of an elaborate feeding site that will quickly 
encompass hundreds of cells. Once established, the female becomes sedentary and remains at that 
feeding site for the remainder of its life cycle. 
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During its migration through the root, the nematode uses a number of mechanical and 
chemical methods to disrupt the plant cell walls. Their primary tool is the hollow mouthpart known as 
the stylet that they use as a spear to penetrate the cell wall, and then as a syringe to inject effector 
proteins into the cell and withdraw nutrients. The initial feeding site quickly expands to encompass 
hundreds of fused cells and is referred to as the syncytium. Cell walls separating adjacent cells 
dissolve as the syncytium becomes one highly active conglomeration (Williamson and Hussey, 1996). 
The cells of the syncytium undergo endoreduplication, become cytoplasmically dense and increase 
their metabolic output in order to sustain the growing nematode. These physiological and metabolic 
changes require the cells to transform at the molecular level. A number of studies illustrate the 
extensive gene expression changes that occur after nematode infection (Puthoff et al., 2003; Khan et 
al., 2004; Ithal et al., 2007; Klink et al., 2009; Szakasits et al., 2009b).  
In order to facilitate the extensive molecular modifications that must take place in the 
syncytium, the nematode uses its stylet to secrete numerous proteins into the plant cell. The use of 
secreted proteins is a common mechanism for plant pathogens and the proteins are referred to as 
effectors. During the coevolution of plant and pathogen the plant has developed ways to recognize 
and suppress the pathogen. In response, the successful pathogen has evolved mechanisms to 
circumvent the plant’s defenses through avoidance or suppression. This coevolutionary relationship 
between plant and pathogen is described in detail by (Jones and Dangl, 2006).  
The cyst nematode produces its effector proteins in three specific anatomical locations. The 
two subventral esophageal gland cells manufacture the effectors that are important early in the 
parasitism process, specifically migration and the initial establishment of the feeding site. The dorsal 
gland enlarges and becomes most active in the later stages of infection indicating its role in syncytium 
maintenance and defense suppression (Hussey, 1989; Davis et al., 2000; Davis et al., 2004; 
Vanholme et al., 2004; Lilley et al., 2005). Current thinking is that characterizing the functions of 
these effector proteins is key to fully understanding the complex interface between the host and 
pathogen.  
The majority of known nematode effector proteins have no similarity to other known proteins 
and few have been comprehensively characterized. Known effectors are hypothesized to play a 
number of roles in parasitism such as plant defense suppression, syncytium maintenance, regulation 
of host transcription and modulation of metabolism. Recent work has even demonstrated that the 
nematode can target effector proteins directly to the plant nucleus (Elling et al., 2007). Once there, 
they could mimic and/or regulate plant transcription factors setting off cascades of gene expression 
changes. Effectors that act as transcription factors represent a phenomenon seen directly in bacterial 
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systems. In these plant pathogenic bacteria, transcription activator like effectors or TALEs 
(Bogdanove et al., 2010) can bind plant DNA sequences and directly manipulate plant gene 
expression. Another avenue the pathogen might use to regulate gene expression is the regulation of 
plant small RNAs (Padmanabhan et al., 2009; Ruiz-Ferrer and Voinnet, 2009). As described in 
Chapter 2 nematode infection causes significant changes in the expression levels of plant microRNAs 
and their targets. This emphasizes the possibility that nematodes secrete effectors that target some 
component of the small RNA machinery ultimately influencing this potent mechanism of post-
transcriptional gene regulation. Other effectors are likely secreted into the cytoplasm where they can 
interact with other plant proteins to regulate a diverse array of physiological processes. 
To date, only a few nematode effectors have been functionally characterized in any detail. 
The first nematode effector (a beta-1-4-endoglucanase protein) that was cloned (Smant et al., 1998b) 
was shown to be a critical enzyme in the modification of plant cell walls. SYV46, another cyst 
nematode effector, is a CLAVATA3 ⁄ ESR (CLE)-like peptide that complements knockout mutants of 
clavata 3 in Arabidopsis (Mitchum et al., 2008; Wang et al., 2010). CLE peptides are proteins that 
play a critical role in growth and development and are generally expressed in the meristematic tissue. 
SYV46 is a remarkable example of ligand mimicry by the nematode as it uses host processes and 
components in order to facilitate its feeding site development. Similarly, nematodes also secrete other 
proteins that mimic host enzymes as illustrated by the characterization of nematode secreted 
expansins (Qin et al., 2004). These enzymes, later found in numerous other plant parasitic nematodes, 
are hypothesized to be involved in the degradation of plant cell walls, once again illustrating 
extensive coevolution between pathogen and host. Another effector, 4FO1, is a nematode protein that 
is an annexin-like peptide. Annexin proteins are important calcium and phospholipid binding 
proteins. When 4FO1 is expressed in Arabidopsis, the plants show an increase in susceptibility to 
infection, and expression of 4F01 complements the knockout mutant phenotype of annexin AnnAt1. 
4F01 interacts with a member of the 2OG-Fe(II) oxygenase family which has been shown to promote 
susceptibility to oomycete pathogens (Patel et al., 2009). Finally, the effector protein 19C07 was 
recently described to interact in the plant with an auxin influx transporter, LAX3. It appears the 
nematode uses LAX3 to manipulate auxin levels in the syncytium (Lee et al., 2011).  
Several strategies have been employed to clone and sequence nematode effector proteins. 
Multiple academic research groups worked with expressed sequence tags or ESTs to identify probable 
candidates that are similar to known effectors (Jones et al., 2003; Jones et al., 2004). Gene expression 
analysis allowed researchers to investigate potential effectors at different time points to look for genes 
potentially important during the infection process (Qin et al., 2000; Gao et al., 2001; Tytgat et al., 
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2004). In addition, other groups directly purified stylet secretions to discover potential effectors 
(Robertson et al., 1999; De Meutter et al., 2001).  
Some of the most successful screens for nematode effectors were those in which the worm’s 
gland cell contents (the primary sites for effector synthesis) were micoraspirated and mRNAs were 
purified and their cDNAs cloned and sequenced (Gao et al., 2001; Wang et al., 2001; Gao et al., 
2003; Gao et al., 2004). Those proteins that had an N terminal signal peptide targeting the protein for 
secretion, had no similarity to non-parasitic nematodes and were shown to localize in the gland cells 
by in situ hybridization were considered candidate parasitism genes. The chapters to follow in this 
dissertation describe my work on the characterization of effector proteins. 
DISSERTATION ORGANIZATION 
 Following the general introduction (1), this dissertation is organized into five (2-6) chapters 
and a general conclusion. 
Chapter 2 presents a study of small RNA in Arabidopsis thaliana infected by Heterodera 
schachtii and has been published in Molecular Plant Microbe Interactions in 2008 by Tarek Hewezi, 
Peter Howe, Tom R. Maier, and Thomas J. Baum. P. Howe tested the expression levels of siRNAs 
and miRNAs after nematode infection. He also established the differential expression of miRNA 
target genes using qRTPCR. 
Hewezi, T., Howe, P., Maier, T.R. and Baum, T.J. (2008a) Arabidopsis Small RNAs and Their 
Targets During Cyst Nematode Parasitism. Molecular Plant-Microbe Interactions, 21, 1622-1634. 
Chapter 3 describes one of the first characterizations of a nematode effector protein and was 
published in The Plant Cell in 2008 by Tarek Hewezi, Peter Howe, Tom R. Maier, Richard S. 
Hussey, Melissa Goellner Mitchum, Eric L. Davis and Thomas J. Baum. P. Howe participated in this 
project by helping to substantiate the interaction between CBP and PME through the cloning and 
testing of deletion constructs to determine which region of CBP was important for binding to PME. 
He also analyzed the expression levels of CBP during nematode development and of PME in infected 
plants as well as all other qPCR. Finally, he assisted in the assay of PME activity in the various 
genotypes tested. 
Hewezi, T., Howe, P., Maier, T.R., Hussey, R.S., Mitchum, M.G., Davis, E.L. and Baum, T.J. 
(2008b) Cellulose Binding Protein from the Parasitic Nematode Heterodera schachtii Interacts with 
Arabidopsis Pectin Methylesterase: Cooperative Cell Wall Modification during Parasitism. Plant 
Cell. 
Chapter 4 is another study presenting the characterization of a nematode effector protein. 
This time the study of 10A06 was published in Plant Physiology in 2010 by Tarek Hewezi, Peter 
Howe, Tom R. Maier, Richard S. Hussey, Melissa Goellner Mitchum, Eric L. Davis and Thomas J. 
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Baum. P. Howe participated in this study by assisting in the initial screen of proteins interacting with 
10A06 and in the confirmation of those candidates. As well as in the cloning and testing of deletion 
constructs in order to find the region of SPDS that is important to its interaction with 10A06. He also 
conducted all of the qPCR studies, in both the nematode and plant tissues. P. Howe created the SPDS 
overexpression constructs and characterized the spds ko mutants.  
Hewezi, T., Howe, P.J., Maier, T.R., Hussey, R.S., Mitchum, M.G., Davis, E.L. and Baum, T.J. 
(2010) Arabidopsis spermidine synthase is targeted by an effector protein of the cyst nematode 
Heterodera schachtii. Plant Physiol, 152, 968-984. 
Chapter 5 describes the characterization of a nematode effector protein (4D09) and its role in 
parasitism. It is authored by Peter Howe, Tarek Hewezi, Tom R. Maier, Richard S. Hussey, Melissa 
Goellner Mitchum, Eric L. Davis and Thomas J. Baum and is to be submitted for publication. P. 
Howe was the lead scientist on this project and conducted most experiments, analyses and was 
primary author of the manuscript.  
Chapter 6 concludes the dissertation and gives a general discussion of plant effector proteins 
as well as future directions for this research. 
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CHAPTER 2. ARABIDOPSIS SMALL RNAS AND THEIR TARGETS DURING CYST 
NEMATODE PARASITISM 
 
A paper published in Molecular Plant Microbe Interactions 
 
Tarek Hewezi, Peter Howe, Tom R. Maier, and Thomas J. Baum 
ABSTRACT  
Plant-parasitic cyst nematodes induce the formation of specialized feeding cells in infected 
roots, which involves plant developmental processes that have been shown to be influenced by 
microRNAs (miRNAs) and other small RNAs. This observation provided the foundation to 
investigate the potential involvement of small RNAs in plant-cyst nematode interactions. First, we 
examined the susceptibilities of Arabidopsis DICER-like (dcl) and RNA-dependent RNA polymerase 
(rdr) mutants to the sugar beet cyst nematode Heterodera schachtii. The examined mutants exhibited 
a trend of decreased susceptibility suggesting a role of small RNAs mediating gene regulation 
processes during the plant – nematode interaction. Second, we generated two small RNA libraries 
from aseptic Arabidopsis roots harvested at 4 and 7 days after infection with surface-sterilized H. 
schachtii. Sequences of known miRNAs as well as novel siRNAs were identified. Following this 
discovery, we used real-time RT-PCR to quantify a total of 15 Arabidopsis transcripts that are known 
targets of six of the different miRNA families found in our study (miR160, miR164, miR167, 
miR171, miR396 and miR398) in inoculated and non-inoculated Arabidopsis roots. Our analyses 
showed mostly negative correlations between miRNA accumulation and target gene mRNA 
abundance suggesting regulatory roles of these miRNAs during parasitism. Also, we identified a total 
of 125 non-miRNA siRNAs. Some of these siRNAs perfectly complement protein-coding mRNAs or 
match transposon or retrotransposon sequences in sense or antisense orientations. We further 
quantified a group of siRNAs in H. schachtii-inoculated roots. The examined siRNAs exhibited 
distinct expression patterns in infected and non-infected roots, providing additional evidence for the 
implication of small RNAs in cyst nematode parasitism. These data lay the foundation for detailed 
analyses of the functions of small RNAs during phytonematode parasitism. 
INTRODUCTION 
Small RNAs are endogenous 21-24 nucleotide molecules that play important regulatory roles 
in animals and plants by targeting mRNA for degradation or translation repression or by altering 
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transcriptional activities. Initially, small RNAs have been identified by simply cloning and 
sequencing size-fractionated RNA molecules. After the advent of high throughput sequencing 
technology such as massively parallel signature sequencing (MPSS) and 454 sequencing technology, 
large numbers of small RNAs from different plant species and genetic materials have been identified 
(for review see Meyers et al. 2006). Analyses of these endogenous small RNAs revealed unexpected 
complexity and remarkable diversity (Lu, C. et al. 2005, 2006; Henderson et al. 2006; Rajagopalan et 
al. 2006; Fahlgren et al. 2007) suggesting fundamental regulatory roles in a wide range of biological 
processes.  
Four distinct classes of small RNAs have been described. These include microRNAs 
(miRNAs), natural antisense small interfering RNAs (nat-siRNAs), trans-acting small interfering 
RNAs (ta-siRNAs) and non-classified small interfering RNAs (siRNAs). miRNAs are the processing 
products of distinct genes and represent a new class of non-coding endogenous small RNAs, which 
act as negative regulators of gene expression. miRNAs are involved in different aspects of plant 
growth and development, signal transduction, protein degradation, response to environmental stresses 
and pathogen attack (for review see Jones-Rhoades et al. 2006; Zhang et al. 2006; Sunkar et al. 2007). 
The other three classes of small RNAs differ from miRNAs in that they arise from long double-
stranded RNAs (dsRNAs) that are processed into small stretches of single-stranded RNA molecules 
(ssRNA), the siRNAs. nat-siRNAs are derived from transcripts that harbor complementary regions 
and thus form dsRNA stretches. These nat-siRNAs could potentially regulate the expression, at the 
post-transcriptional level, of their sense partner in cis or other homologous transcripts in trans. 
Recently, it has been reported that nat-siRNAs regulate salt tolerance (Borsani et al. 2005) and 
mediate Pseudomonas syringae race-specific resistance in Arabidopsis (Katiyar-Agarwal et al. 2006). 
The finding that many eukaryotic genomes contain a high percentage of overlapping genes, up to 
22% in Drosophila and 10% in Arabidopsis (Boi et al. 2004, Wang et al. 2005), suggests that the 
overlapping gene organization, which leads to stretches of complementarity in mRNA species, could 
be an important mechanism for gene regulation. Like miRNA, ta-siRNAs are genetically defined at 
specific loci and generated from DICER-like processing of dsRNA formed by the activity of RNA-
dependent RNA polymerases (RdRPs). While miRNA genes encode unique miRNAs, ta-siRNA 
genes produce several ta-siRNAs that direct the cleavage of unrelated sets of genes by the same 
mechanism as plant miRNAs (Vazquez et al. 2004; 2006; Allen et al. 2005). Likewise, under specific 
circumstances, siRNA can be generated from dsRNA as a result of RdRP activities and can act as 
determinants of gene silencing at both transcriptional and post-transcriptional levels (Hamilton et al. 
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2002; Xie et al. 2004; Sunkar et al. 2005; Swiezewski et al. 2007). Because small RNAs also are 
active against imperfectly matched targets, such regulatory roles may be numerous. 
Biogenesis of small RNAs in Arabidopsis requires different DICER-like (DCL) and/or RdRP 
proteins (Park et al. 2002; Reinhart et al. 2002; Kurihara and Watanabe 2004). The accumulation of 
miRNAs requires DCL1, one of the four DCL proteins in Arabidopsis (Kurihara and Watanabe, 
2004). Although it was thought that DCL1 is the only DCL protein to be involved in miRNA 
biogenesis, Rajagopalan et al. (2006) found that some miRNAs depend on DCL4 rather than DCL1 
for their accumulation. The ta-siRNAs are mainly produced by DCL4 and require RdRP6 activity for 
their biogenesis (Gasciolli et al. 2005; Peragine et al. 2004; Vazquez et al. 2004; Allen et al. 2005). 
DCL2 and DCL3 can also contribute to ta-siRNA production in the absence of DCL4 activity 
(Gasciolli et al. 2005; Xie et al. 2005; Henderson et al. 2006). Other classes of small RNAs generally 
require an RdRP protein and one or more of DCL2, DCL3 and DCL4 (Chan et al. 2004, Xie et al. 
2004, Herr et al. 2005; Onodera et al. 2005).  
Initially, miRNAs have been shown to be involved in the regulation of various plant 
developmental processes (Bartel, 2004). However, growing evidence indicates that miRNAs and 
small endogenous RNAs also are involved in biotic stress responses in plants. Recently, experimental 
evidence documented an important role of miRNA and nat-siRNA in controlling gene expression 
mediating plant resistance against bacterial diseases (Navarro et al. 2006; Katiyar-Agarwal et al. 
2006). In Arabidopsis, a total of 15 resistance (R) genes are the predicted targets of miR472 and some 
of these predictions were confirmed experimentally (Lu et al. 2007). Two miRNA families, miR472 
and miR482, were predicted to target 18 putative disease resistance genes in Populus trichocarpa and 
some of these predictions were confirmed experimentally (Lu, S. et al. 2005). Arabidopsis miR397, 
miR408 and miR857 were predicted to target different laccase-like genes (Jones-Rhoades and Bartel, 
2004), which are involved in plant defenses against a variety of pathogens (Li and Steffens 2002). 
The three Arabidopsis miRNAs miR160, miR167, and miR393 target different auxin-signaling genes 
and were strongly upregulated following infection by P. syringae pv. tomato (DC3000hrcC) 
(Fahlgren et al, 2007). Other miRNAs were found to be involved in virus-induced gene silencing in 
Arabidopsis (Chapman et al. 2004; Kasschau et al. 2003; Mlotshwa et al. 2005). More recently, 82 
plant disease-related transcripts were predicted and partially validated as targets of miRNAs in pine 
(Lu et al. 2007), further documenting regulatory roles of miRNAs during biotic stress responses.  
Cyst nematodes, Heterodera spp., are sedentary parasites of roots in many economically 
important crop plants and cause severe yield losses worldwide (Wrather et al. 2001; Niblack et al. 
2006). Plant-parasitic nematodes have well-developed esophageal gland cells that produce secretions 
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released through the stylet into plant cells to mediate nematode infection and parasitism of host plants 
(reviewed by Davis et al. 2004 and Baum et al. 2007). Cyst nematodes induce a specialized plant 
feeding structure called a syncytium as a source of nourishment. The establishment of syncytia is 
characterized by complex morphological and physiological changes of the infected host cells and is 
associated with extensive alterations of gene expression in cells of infected plants (Puthoff et al. 
2003; Alkharouf et al. 2006; Ithal et al. 2007; Klink et al, 2007; Gheysen and Fenoll, 2002). The 
genetic networks underlying gene expression regulation in nematode-infected roots and particularly in 
the nematode-induced feeding sites are poorly understood. The finding that miRNAs and other small 
RNAs are involved in developmental and biological processes similar to those implicated in 
syncytium formation and function provided the foundation to investigate the potential involvement of 
small RNAs in plant-nematode interactions. The sugar beet cyst nematode, H. schachtii, readily 
infects Arabidopsis, which therefore represents a superb system to study the roles of small RNAs 
during cyst nematode parasitism (Sijmons et al. 1991). 
Identifying small RNAs requires relatively large quantities of RNA and to our knowledge 
Arabidopsis small RNAs so far were identified from above-ground tissues and not from roots (Lu, C. 
et al. 2005 and 2006; Fahlgren et al. 2007; Rajagopalan et al. 2006). When small RNAs were 
identified from root tissues in rice, the identifiable number of small RNAs was 13 times smaller in 
roots than in inflorescences (Sunkar et al. 2005) suggesting a potentially lower abundance of small 
RNAs in roots. Our project was further complicated by the requirement to purify large amounts of 
small RNAs from Arabidopsis roots infected by nematodes without the presence of contaminating 
microbes, i.e., from monoxenic cultures. Despite these obstacles, we generated two small RNA 
libraries from low amounts of small RNAs from Arabidopsis roots harvested at 4 and 7 days post H. 
schachtii inoculation (dpi) – albeit of relatively low abundance. Nonetheless, we conducted high-
throughput sequencing, and sequences of known miRNAs as well as novel siRNAs were identified. 
Furthermore, we used quantitative real-time RT-PCR (qPCR) to quantify abundances of a subset of 
these small RNAs as well as the mRNA abundance of Arabidopsis genes that are the targets of 
miRNAs found by us. Our results demonstrated that small RNAs differentially accumulate in 
Arabidopsis roots as a function of H. schachtii parasitism giving rise to the possibility that gene 
silencing mechanisms in the host plant play an important role during cyst nematodes parasitism. 
RESULTS 
We used an integrated approach to explore if small RNAs are involved in mediating cyst 
nematode parasitism and to provide the first insights into such novel aspects of cyst nematode 
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pathogenesis. As a first avenue we examined the phenotypes of plant mutants. If host gene expression 
during nematode infection is controlled in part by gene silencing mechanisms through small RNAs, it 
can be expected that knock-out mutants of genes involved in the biogenesis and production of small 
RNAs will affect Arabidopsis susceptibility to plant-parasitic nematodes. To investigate this 
hypothesis, we examined the susceptibilities of Arabidopsis DICER-like (dcl) and RNA-dependent 
RNA polymerase (rdr) mutants to the sugar beet cyst nematode H. schachtii. The fact that null DCL1 
alleles are embryonic lethal (Henderson et al. 2006) precluded us to examine this mutant. The dcl2-1, 
dcl3-1, dcl4-2 single mutants, dcl2-1/dcl3-1, dcl2-1/dcl4-2, dcl3-1/dcl4-2 double mutants, dcl2-
1/dcl3-1/dcl4-2 triple mutant, and the rdr1-1, rdr2-1, rdr6-15 single mutants and rdr1-1/rdr2-1/rdr6-
15 triple mutant as well as wild-type Col-0 were subjected to susceptibility assays using our 
established methodologies (Baum et al. 2000). Susceptibility was quantified as the number of 
developing female nematodes in three independent replicated experiments. Overwhelmingly, the 
examined mutants exhibited a trend of decreased susceptibility relative to the wild-type Col-0 (Fig. 
1). In order to investigate whether this reduced susceptibility is associated with morphological 
changes in root systems, seeds from these 11 homozygous mutant lines along with the wild-type Col-
0 were planted on nutrient medium and root length and morphology were investigated 7 days after 
planting. No significant differences were observed between the mutant lines and the wild-type Col-0 
(Supplemental Fig. 1). These results suggest a role of small RNAs in mediating gene regulation 
processes that are involved in or important to plant – nematode interactions and therefore prompted us 
to clone small RNAs during the early stage of H. schachtii infection.  
Identification of H. schachtii-regulated small RNAs 
We generated two independent small RNA libraries from Arabidopsis roots harvested at 4 
and 7 days post H. schachtii inoculation (dpi). For this purpose, small RNA molecules were purified 
from total RNA isolated from monoxenic cyst nematode-infected Arabidopsis roots by size 
fractionation, ligated to 5’- and 3’-end adapters and used to synthesize first-strand cDNA, which was 
used as template for PCR-amplification. Amplified products were purified, and 100,000 sequence 
reads were obtained using 454 sequencing technology. As expected due to the technical difficulties of 
obtaining sufficient RNA amounts, we obtained sequence reads indicative of relatively low 
abundance of our small RNA preparations. The vast majority of the sequences was from RNAs 
shorter than 16 nucleotides or from self-ligated PCR primers. Clones shorter than 16-nucleotides are 
most likely degradation products of mRNA species and were not analyzed further. As a result of this 
constraint, we were not able to assess RNA expression differences between time points merely from 
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the frequency of RNA species in our sequence data. However, these data allowed us to identify small 
RNA species as promising candidates for expression analyses and further characterization.  
A total of 1,376 sequence reads representing 861 distinct small RNA sequences of 16 to 25 
nucleotides in length were recovered from our sequencing reactions. BLASTn searches against the 
TAIR databases (www.Arabidopsis.org) revealed that 575 distinct sequences had perfect matches to 
the Arabidopsis genome and these sequences, therefore, were chosen for further analyses. The 
remaining 286 small RNA sequences did not have perfect matches to the Arabidopsis genome and 
were not further studied here. These unmatched sequences may have been derived from H. schachtii 
or may be artifactual. The 575 small RNAs with Arabidopsis matches were grouped in different 
classes (Table 1). The largest class consisted of clones matching ribosomal RNAs (rRNAs), transfer 
RNAs (tRNAs), small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs). The high 
portion of this class may be due to the fact that our libraries were made from roots subjected to H. 
schachtii infection, which may enhance the breakdown of rRNAs, tRNAs, snoRNAs, and snRNAs as 
has been postulated for certain abiotic stresses (Sunkar and Zhu 2004). This class was not considered 
for further analysis here. Among the remaining sequences we identified 30 known miRNAs and 3 
known ta-siRNAs (Supplemental Table 1) as well as small RNAs (putative endogenous siRNAs) 
matching transposons, messenger RNA molecules and non-classified siRNAs. siRNAs that mapped 
to transposon or retrotransposon in sense or antisense orientations represented 2.1 and 2.7% of the 
distinct reads in the 4 and 7-dpi libraries, respectively. Also, 2.1% of the unique reads mapped to the 
antisense of protein-coding genes at both time points. Other siRNAs that did not match non-coding 
RNA transcripts represented 11 and 10% of the unique sequences identified in the 4 and 7-dpi 
libraries, respectively (Table 1).  
miRNAs respond to H. schachtii infection 
Eight distinct small RNA sequences matching known Arabidopsis miRNAs were identified in 
the 4-dpi library. These were miR158, miR159, miR166, miR169, miR171, miR396, miR403 and 
miR775. In the 7-dpi library, 22 distinct miRNA sequences were identified. These 22 miRNAs 
belonged to 18 miRNA families including miR156, miR157, miR158, miR159, miR160, miR161, 
miR164, miR165, miR166, miR167, miR168, miR169, miR171, miR172, miR390, miR396, miR398 
and miR775. In all, we identified miRNAs belonging to 19 families in our experiments. Since our 
limited sequence data did not allow conclusions about small RNA abundance, we used quantitative 
real-time RT-PCR (qPCR) to overcome these limitations (Shi and Chiang, 2005) and to quantify the 
expression of mature miRNAs as a function of cyst nematode infection. Besides only requiring very 
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low quantities of RNA, qPCR also allows the discrimination between miRNA family members 
having as little as one nucleotide difference (Shi and Chiang, 2005). To identify miRNAs that are 
regulated during nematode infection, all miRNAs identified in the two libraries were subjected to 
qPCR analysis to investigate their expression profiles during the early stages of nematode infection. 
For this purpose, two-week-old wild-type Arabidopsis seedlings were inoculated with H. schachtii in 
three independent replicated experiments, and root tissues were harvested from inoculated and 
uninoculated plants at 4 and 7 days post inoculation. Total RNA extracted from these tissues was 
polyadenylated and used to synthesize first strand cDNA using a poly(T) adapter, which was followed 
by qPCR using miRNA-specific forward primers and an adapter-specific reverse primer. In order to 
differentiate the expression levels of miRNA family members by qPCR, we chose primers targeting 
polymorphic regions (Supplemental Table 3). Out of the 19 miRNA families (26 members) 
investigated, 13 families (16 members) were differentially expressed in H. schachtii-inoculated roots 
when compared to non-infected roots at either 4 or 7 dpi or both time points (Fig. 2). At the 4-dpi 
time point, 14 of the 16 differentially expressed miRNAs (miR156, miR157, miR158a, miR160, 
miR161, miR164, miR167a, miR168, miR171b, miR172c, miR396a and b, miR398a and miR775) 
were statistically significantly down-regulated while miR169d and miR172a were unchanged in 
inoculated roots compared to control roots. At 7 dpi, seven of the 16 differentially expressed miRNAs 
were significantly up-regulated and five were down-regulated while four were unchanged (Fig. 2). 
The strongest up-regulation of 3.7-fold was observed at 7 dpi for miR156 (Fig. 2). miRNA 161 
exhibited the strongest downregulation of all miRNAs, which was visible at both time points.  
We also determined that miRNAs belonging to the miRNA169, miRNA172 or miRNA398 
families differed by only one or few nucleotides but exhibited very different expression profiles in 
response to H. schachtii infection. For example, miR169a and miR169d, which share 19 nucleotides, 
were regulated differently. While miR169a was not detectable, miR169d was significantly induced at 
7 dpi (Fig. 2). Similarly, miR172a and miR172c behaved very differently at 7 dpi. While miR172a 
was upregulated, miR172c was downregulated. Furtherrmore, miRNA398a was downregulated at 
both time points whereas miRNA398b was unaltered (Fig. 2). 
Expression of miRNA-target genes in response to H. schachtii infection 
Because we determined that the abundance of miRNAs was altered during nematode 
infection, we also determined if the mRNAs targeted by these miRNAs would exhibit abundance 
changes in accord with a regulatory function of the miRNAs. A total of 15 transcripts (Table 2), 
targets of six different miRNA families (miRNA family 160, 164, 167, 171, 396, and 398), were 
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quantified in inoculated and non-inoculated Arabidopsis roots. Our qPCR analyses showed mostly 
negative correlations between miRNA accumulation and target gene mRNA abundance, which 
suggests an expected regulatory function of these miRNAs. For example, members of miR160, 
miR164, miR167, miR396 and miR398 were significantly down-regulated at 4 dpi while their target 
mRNAs were up-regulated (Fig. 3). Similarly, when the abundance of miR160, miR167 and miR171 
increased, their target genes were down-regulated (Fig. 3). Only few target mRNAs showed positive 
correlations with their corresponding miRNAs as was the case for miR398 and its targets CSD1 and 
CSD2. Finally, when the expression levels of the three scarecrow-like transcription factor (SCL) 
targets of miR171 were quantified, only two of the three (SCL6-III and SCL6-IV) exhibited the 
expected negative correlation with the miR171 expression level while SCL6-II did not. These 
observed discrepancies suggest that other regulatory mechanisms in addition to miRNA influences 
could be involved in regulating these genes.  
Accumulation of non-microRNA small RNAs in response to H. schachtii infection 
As mentioned above, small RNAs (putative endogenous siRNAs) that were not designated 
miRNAs were also identified in our libraries. We identified 58 and 68 distinct putative siRNAs from 
the 4 and 7 dpi libraries, respectively, providing us with a total of 125 non-miRNA siRNAs. These 
putative siRNAs are between 16 and 25 nucleotides in length with the 20 to 24 nucleotide size class 
being predominant. The vast majority of these putative siRNAs identified a single locus in the 
Arabidopsis genome whereas others showed multiple loci ranging from 2 to 424 in number.  
Fifteen of these 125 putative siRNAs showed perfect complementarity to protein-coding 
mRNAs (Table 3), raising the possibility of these siRNAs functioning similar to miRNAs. These hits, 
for example, included genes for five unknown proteins, two transcription factors, an oxidoreductase, a 
self-incompatibility protein and two MATE efflux family proteins. Five of these 15 matching regions 
were in the protein-coding sequence (AT3G21690, AT1G26796, AT5G18900, AT2G01031 and 
AT2G01031) while the remaining 11 matching regions were in untranslated regions (UTRs). To 
investigate whether members of these 15 siRNAs differentially accumulate in response to H. 
schachtii infection, the abundance of siRNA2, siRNA6 and siRNA9 (Table 3), which have perfect 
complementary matches to AT3G07340 (bHLH transcription factor), AT1G18740 (unknown 
protein), and AT5G18900 (oxidoreductase), respectively, were investigated in root tissues collected at 
4 and 7 dpi from inoculated and uninoculated roots using qPCR as described above. siRNA2 could 
not be detected even after multiple attempts. This siRNA may accumulate at a level below the 
detectable limit. siRNA6 was expressed equally in both inoculated and non-inoculated root tissues 
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(Fig. 4). siRNA9, on the other hand, exhibited strongly elevated accumulation in inoculated roots at 
both time points relative to non-infected controls (Fig. 4). 
Eighteen of the 125 putative siRNAs were found to be identical to sense or antisense 
sequences of transposons or retrotransposons of different types including hAT-like, MuDR, LINE, 
LTR/Copia, LTR/Gypsy, RC/Helitron, and Satellite (Table 4). Among these 18 putative siRNAs, two 
(siRNA29 and siRNA32) were used in the qPCR assay to test whether they are differentially 
expressed in response to H. schachtii infection. siRNA29 showed an approximately 29-fold up-
regulation at 4 dpi followed by an approximately 6-fold downregulation at 7 dpi compared to controls 
(Fig. 4). siRNA32 was significantly down-regulated at both time points compared to non-infected 
controls (Fig. 4).  
We also identified 43 potential gene targets for 29 of the putative siRNAs based on the 
criteria described by others (Rhoades et al. 2002; Jones-Rhoades and Bartel, 2004). These criteria 
allow three or fewer nucleotide mismatches in the siRNA/mRNA duplex with no mismatch allowed 
in positions 10 and 11 from the 5’ end of the siRNA whereby two G:U wobbles were considered as 
one mismatch. These 43 putative siRNA targets belong to a variety of gene families and have 
different biological functions (Table 5). Eleven of these putative target genes code for proteins with 
functions related to transcription factors and other signal transduction components. Other predicted 
target genes have functions in development, transcription, hormone response, metabolic processes, 
and stress response while others have unknown functions (Table 5). We further investigated the 
accumulation of five of the 29 putative siRNAs with potential gene targets (siRNA41, siRNA46, 
siRNA50, siRNA52 and siRNA54,) in H. schachtii-inoculated roots at 4 and 7 dpi relative to non-
infected roots. siRNA41 and siRNA46 were significantly induced at both time points, whereas 
siRNA52 and siRNA54 were downregulated at 3 dpi and upregulated at 7 dpi (Fig. 4). However, 
siRNA50 exhibited a different expression pattern in that it was weakly down-regulated at both time 
points when compared to the uninfected control (Fig. 4).  
In addition to the siRNAs for which we could identify predicted targets, there were 55 
siRNAs in our sequence data for which we were unable to predict targets (Supplemental Table 2). 
These putative siRNAs may regulate gene expression at the transcriptional level by binding specific 
promoter regions. 
DISCUSSION 
Endogenous siRNAs and miRNAs play important regulatory roles in plant development and 
abiotic stress tolerance and also have been implicated in biotic plant interactions. We examined the 
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susceptibilities of Arabidopsis knock-out mutants of genes involved in the biogenesis and production 
of small RNAs to H. schachtii to determine if gene expression during nematode infection is 
controlled in part by gene silencing mechanisms. Biogenesis of small RNAs is controlled by many 
genes with considerable redundancy and cross-talk between known small RNA pathways (Gasciolli et 
al. 2005; Vazquez, 2006). With this in mind, we find that the trend of reduced susceptibility observed 
by us for dcl and rdr mutants is notable, particularly when considering that the assayed mutants are 
deficient only in few components out of many genes implicated in small RNAs biogenesis. These 
initial data motivated us to isolate small RNA species from Arabidopsis roots harvested at 4 and 7 
days after infection with surface-sterilized H. schachtii.  
We identified endogenous siRNAs and known miRNAs that are differentially expressed in 
response to H. schachtii infection. One interesting aspect revealed by our expression analysis of the 
identified miRNAs is that all tested miRNAs were found to be either down-regulated or unchanged at 
4 dpi. It may be possible that miRNA function and/or biogenesis are affected during this early stage 
of nematode infection as part of a general plant defence response against the invading nematode. 
Similarly, the expression of a majority of the cloned miRNAs targeting defense-related genes in 
loblolly pine were significantly repressed in the stem galls induced by the rust fungus Cronartium 
quercuum f. sp. Fusiforme, most probably to promote the activation of defense-related genes (Lu et 
al. 2007). On the other hand, at the later stage of cyst nematode infection (7 dpi) the expression 
profiles of the tested miRNAs were more complex, with significant up- or down-regulation. This 
observation could be explained by the fact that plant responses switch from general stress responses 
to more specific responses to the nematode initiating compatible plant-pathogen interactions. Notable 
temporal changes of miRNA accumulation level have also been reported in response to Pseudomonas 
syringae infection (Navarro et al. 2008), different abiotic stress treatments (Sunkar et al. 2006; Bari et 
al. 2006), exogeneous auxin application (Yang et al. 2006) and flagellin treatment (Navarro et al. 
2006). 
Arabidopsis miRNAs regulate auxin-responsive transcripts during the compatible interaction 
with H. schachtii 
The phytohormone auxin plays a critical role in feeding site induction by cyst and root-knot 
nematodes (Goverse et al. 2000; Bird and Kaloshian 2003). miR160 and miR167, which target 
different auxin response factor (ARF) genes, were found by us to be differentially expressed in 
response to H. schachtii infection. We detected an approximately 2-fold down-regulation of miR160 
and miR167 at 4 dpi. miR160 targets ARF10, ARF16 and ARF17 (Mallory et al. 2005; Wang et al. 
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2005), whereas miR167 targets ARF6 and ARF8 (Wu et al. 2006) to control the expression of early 
auxin-responsive genes. The up-regulation of these five target ARF genes at 4 dpi suggests that 
downregulation of miRNAs 160 and 167 may be the mechanism necessary to enable high expression 
levels of ARFs in the nematode-induced feeding sites.  
In addition to miR160 and miR167, which regulate ARF genes, miR164 functions as a 
negative regulator of auxin-mediated lateral root development by controlling mRNA abundance of 
NAC1 (Guo et al. 2005). NAC1 acts in transmitting auxin signals for Arabidopsis lateral root 
development (Xie et al. 2000). We showed a down-regulation of miRNA164 accompanied by an up-
regulation of NAC1 at both time points with strongest induction at 7 dpi. The downregulation of 
miR164 suggests that active auxin signal transduction is connected to localized auxin increase in the 
feeding sites. Two lines of evidence support this hypothesis. High GUS activity in the AUX1::GUS 
transgenic Arabidopsis lines has been detected upon H. schachtii or M. incognita inoculation 
(Mazarei et al. 2003). Similarly, the artificial auxin-responsive promoter element DR5 was strongly 
activated inside the feeding cells induced by both nematode species (Karczmarek et al. 2004).  
miRNA expression patterns are likely associated with developmental processes characteristic of 
nematode feeding site formation 
During the initiation of nematode feeding sites, cyst nematodes inject parasitism protein 
secretions through their stylets into plant cells, causing these cells to develop into specialized feeding 
cells (Davis et al. 2004). We found that H. schachtii parasitism down-regulates miR396 expression at 
4 dpi. This miRNA has been predicted to target six different Growth-Regulating Factors (GRFs). The 
fact that most of the Arabidopsis GRF genes are strongly expressed in actively growing and 
developing tissues, such as shoot tips and roots (Kim et al. 2003) together with the expression 
patterns of three of these factors (GRF1, GRF3 and GRF8) during the Arabidopsis-H. schachtii 
interactions observed by us shed light onto the possible role of miR396 during parasitism. Transgenic 
plants over-expressing miR396 or miRNA-resistant GRFs under the control of a root-specific 
promoter will provide insights into the functional roles of these factors in nematode-feeding site 
formation and development. 
Among all tested miRNAs, miR161 showed the highest downregulation levels at both time 
points. miR161 targets numerous mRNAs coding for pentatricopeptide repeat proteins (PPRs) (Allen 
et al. 2004). Two additional PPRs are targets of miR158, which was found to be downregulated at 4 
dpi. The PPR gene family is one of the largest families of putative RNA-binding proteins in plants 
containing more than 400 genes (Small and Peeters, 2000). It is predicted that the PPR family plays a 
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central and broad role in regulating gene expression in organelles (Lurin et al. 2004; Schmitz-
Linneweber et al. 2005). One of the hallmark characteristics of the syncytium is the increasing 
number of organelles such as mitochondria (Jones, 1981). Nothing is known about gene expression 
and RNA processing in organelles during feeding site formation and these miRNAs may be useful as 
novel investigative targets in this context.  
miR171-mediated cleavage of mRNAs encoding SCARECROW-like transcription factors 
(SCL) was shown by Llave et al. (2002a and b) and Reinhart et al. (2002). These SCL genes have 
been shown to play crucial roles in the radial patterning of both roots and shoots and hormone 
signalling (Helariutta et al. 2000; Kamiya et al. 2003; Wysocka-Diller et al. 2000). H. schachtii-
induced down-regulation of miR171b/c indicates that miR171b/c could play a role in SCL expression 
during cyst nematode parasitism. Interestingly, the SCL6-IV (At4g00150), one of the three SCL 
targets of miR171, was found to interact with a root-knot nematode secretory peptide, which suggests 
its involvement in the early signalling events during root-knot nematode–host interactions and maybe 
also cyst nematode infection (Huang et al. 2006). It is possible that down-regulation of miR171b/c 
during the early stage of infection is required to assure efficient expression of SCL genes to 
subsequently activate signalling pathways during the interaction. Our finding that SCL6-III and SCL6-
IV are highly expressed at 4 dpi reinforces this hypothesis.  
Of the 17 SQUAMOSA promoter binding-like (SPL) genes in Arabidopsis, which function in 
normal plant development, 11 are predicted to have miR156 complementary sites (Rhoades et al. 
2002) and many of these targets were confirmed experimentally (Chen et al. 2004; Kasschau et al. 
2003; Wu and Poethig, 2006). Up-regulation of miR156/157 after initiation of feeding sites observed 
by us could be required for proper development of feeding sites. However, this hypothesis needs to be 
examined further. Plants expressing miRNA-resistant versions of SPL genes will be of help to 
elucidate the mechanism by which the expression of these genes could affect nematode parasitism of 
plants.  
miR172a and miR172c exhibited contrasting expression at 7 dpi suggesting different 
functional roles during the Arabidopsis-H. schachtii interactions. Similarly, when miR172a and 
miR172c were over-expressed in Arabidopsis under the control of the 35S promoter, they showed 
different morphological phenotypes (Chen, 2004). Differential expression patterns among miRNA 
family members in specific tissues or developmental stages as well as in response to abiotic stresses 
have been reported previously (Sunkar and Zhu, 2004).  
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Differential expression patterns of small RNAs suggest a role in parasitism  
Despite the fact that thousands of small RNAs have been identified in Arabidopsis (Lu et al. 
2005, 2006; Fahlgren et al. 2007; Henderson et al. 2006), many of the small RNAs identified in this 
study are novel, probably because this is the first study to report small RNAs from Arabidopsis roots. 
Furthermore, since our two libraries were prepared from RNA isolated from inoculated roots, these 
small RNAs could be accumulated in a tissue-specific manner in response to H. schachtii infection. 
Our real-time RT-PCR data revealed that many of these small RNAs are differentially expressed in 
response to H. schachtii. These differential expression patterns suggest regulatory functions of these 
small RNAs during parasitism. Experimental evidence has been reported that endogenous small 
RNAs in rice can guide mRNA cleavage both of the gene from which it was derived (cis) or other 
homologous sequences (trans) (Sunkar et al. 2005). Equally, evidence obtained from cultured human 
cells showed that miRNAs and siRNAs can use similar mechanisms to inhibit mRNA expression 
(Zeng et al. 2003). We predicted many coding and non-coding genes as potential targets of the 
siRNAs. These predicted targets are involved in different biological processes including 
transcriptional regulation. The endogenous siRNAs that match different types of transposons in 
antisense orientation could have a role in controlling the mobility and proliferation of transposable 
elements during H. schachtii infection. Similarly, several of the predicted trans-targets of Arabidopsis 
and rice endogenous small RNAs were found to be transposable elements (Sunkar and Zhu, 2004; 
Sunkar et al. 2005; Lu et al. 2006). On the other hand, we were not able to predict potential targets for 
many of the identified putative siRNAs. This may be due to the criteria we used to predict the 
complementary sites, which do not allow more than three mismatches. Alternatively, these siRNAs 
may regulate gene expression at the transcriptional level by maintaining methylation of DNA and 
histones on defined retroelements and repetitive DNA (Hamilton et al. 2002; Xie et al. 2004). Taken 
together, the data presented here provide the first evidence for the potential implication of miRNA 
and siRNA molecules in plant responses to parasitic nematodes. These data provide a basis for further 
functional analyses to reveal the precise roles of these molecules during plant – nematode interations. 
MATERIALS AND METHODS 
Plant materials and nematode inoculation 
A. thaliana (ecotype C24) seeds were surface-sterilized in 50% bleach for 5 min followed by 
four rinses in sterile water. Sterilized seeds were planted on modified Knop’s medium (Sijmons et al. 
1991) solidified with 0.8% Daishin agar (Brunschwig Chemie, Amsterdam, Netherlands) at 24°C 
under 16h-light/8h-dark conditions. Two-week-old seedlings were inoculated with approximately 250 
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surface-sterilized J2 H. schachtii nematodes as described by Baum et al. (2000). Root tissues were 
collected at 4 and 7 days post inoculation.  
Nematode infection assay 
Mutant lines for dcl2-1, dcl3-1, dcl4-2 single mutants, dcl2-1/dcl3-1, dcl2-1/dcl4-2, dcl3-
1/dcl4-2 double mutants and dcl2-1/dcl3-1/dcl4-2 triple mutant, rdr1-1, rdr2-1, 6-15 single mutants 
and rdr1-1/rdr2-1/6-15 triple mutant were previously described (Reinhart et al. 2002; Peragine et al. 
2004; Xie et al. 2004, 2005; Allen et al. 2005; Henderson et al. 2006; Lu et al. 2006). Seeds from 
these mutant as well as the wild-type control (Col - 0) were surface-sterilized and planted in a random 
block design in 12-well Falcon culture plates (BD Biosciences, San Jose, CA) containing modified 
Knop’s medium (Sijmons et al. 1991) solidified with 0.8% Daishin agar (Brunschwig Chemie, 
Amsterdam, Netherlands). Plants were grown at 24°C under 16h-light/8h-dark conditions. Two-
week-old seedlings were inoculated with approximately 250 surface-sterilized J2 H. schachtii 
nematodes as previously described by Baum et al. (2000). Inoculated plants were maintained under 
the conditions described above for an additional two weeks before the number of H. schachtii J4 
females were counted.  
Root growth and measurements 
Seeds from dcl and rdr mutants mentioned above were surface-sterilized and transferred to 
Nunc 4 well Polystyrene Rectangular Dishes (Thermo Fisher Scientific, Waltham, MA) containing 
modified Knop’s medium. Plates were placed in a vertical position in a growth chamber at 25°C 
under 16h-light/8h-dark conditions. Seven days after planting, root length and morphology were 
investigated and photographed. The root length of at least 20 plants per line was measured as the 
distance between the crown and the tip of the main root in three independent experiments. 
Cloning of small RNAs and 454 sequencing 
Total RNA was isolated from root tissues according to Verwoerd et al. (1989). Cloning of 
small RNAs was carried–out as described by Henderson et al. (2006). In brief, about 400 ug total 
RNA was separated on a denaturing 15% polyacrylamide gel (Bio-Rad, Hercules, Ca) and the size 
range of 15 to30 nucleotides was cut out and the RNA was eluted over night with 0.4 M NaCl at 4°C. 
The purified small RNA molecules were ligated to a pre-adenylytated 3’ oligonucleotide adapter (5’-
rAppCTGTAGGCACCATCAAT/3ddC-3’) (IDT, Coralville, IA) using T4 RNA ligase (Promega, 
Madison, Wi) without adenosine triphosphate (ATP). The 3’ adaptor possessed a 5’-end 
monophosphate and a 3’-end blocked with dideoxy-C base (ddC) to prevent self-ligation (Lau et al. 
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2005). Ligated RNA was gel-purified to remove excessive adaptor and ligated to a 5’ adapter (5’-
ATCGTaggcacctgaaa-3’; RNA/DNA version, uppercase, DNA; lowercase RNA) (IDT) in a standard 
T4 ligase reaction. After the second ligation, the products were gel-purified and then used as a 
template in a reverse transcription reaction using primer complementary to the 3’ adaptor (5’-
ATTGATGGTGCCTACAG-3’) and Powerscript reverse transcriptase (Clontech, Mountain View, 
CA). The first strand cDNA was then PCR-amplified using forward primer A fusion (5’-
GCCTCCCTCGCGCCATCAGATCGTAGGCACCTGAAA-3’) and reverse primer B fusion (5’-
GCCTTGCCAGCCCGCTCAGATTGATGGTGCCTACAG-3’) and high fidelity Taq polymerase 
(Roche, Nutly, NJ). Conditions for PCR were 30 cycles of 94°C for 30 s, 58°C for 45 s and 72°C for 
1 min. The PCR products were purified by two times of phenol-chloroform extraction, ethanol 
precipitated, gel purified and sequenced by 454 Life Sciences. Sequences derived from the cloning 
adaptors and those less than 16 nucleotides were removed from the raw 454 reads, and the remaining 
insert sequences were used as queries in BLAST searches against the whole A. thaliana genome. 
Only inserts showing perfect matches to the genomic sequence were considered for further analyses.  
Quantitative real-time RT-PCR 
Total RNA was extracted from frozen ground root tissues using the TRIzol reagent 
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. DNase treatment of total RNA 
was performed using Deoxyribonuclease I (Invitrogen). The treated total RNA (5 ug) was 
polyadenylated with ATP using poly(A) polymerase following the manufacturer’s instructions for the 
Poly(A) Tailing Kit (Ambion, Austin, TX). After purification, the polyadenylated RNA was reverse 
transcribed using Powerscript reverse transcriptase (Clontech) and oligo(dT) adapter (5’-
GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTVN-3’) (Ambion). qRT-
PCR quantification was performed using mature miRNA- and siRNA-specific sequences as forward 
primers and 3’-RACE outer primer (5’-GCGAGCACAGAATTAATACGAC-3’) (Ambion) a reverse 
primer complementary to poly(T) adapter quantification. 5.8S ribosomal RNA (rRNA) was used as an 
internal reference gene for RT-PCR quantification and amplified with 5.8S rRNA forward primer (5’-
ACGTCTGCCTGGGTGTCACAA-3’) and the 3’-RACE outer primer as reverse primer. The 
synthesized cDNAs were diluted to a concentration equivalent to 10 ng total RNA µl-1 and used as a 
template in qRT-PCR reactions using the two-step RT-PCR kit (Bio-Rad) according to 
manufacturer’s protocol. The PCR reactions were run in an I Cycler (Bio-Rad, Hercules, CA) using 
the following program: 50°C for 10 min, 95°C for 5 min and 40 cycles of 95°C for 30 s and 60°C for 
30 s. Following PCR amplification, the reactions were subjected to a temperature ramp to create the 
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dissociation curve, determined as changes in fluorescence measurements as a function of temperature, 
by which the non-specific products can be detected. The dissociation program was 95°C for 1 min, 
55°C for 10 s followed by a slow ramp from 55°C to 95°C. For qRT-PCR of miRNA target genes, 
gene-specific primers were designed and are listed in supplemental Table 3. First-strand cDNA was 
synthesized from DNase-treated RNA using Advantage RT-for-PCR Kit (Clontech) according to the 
manufacturer’s instructions. For each reaction, 1 µl of diluted cDNA equivalent to 10 ng total RNA 
was used as a template in qRT-PCR reactions using the two-step RT-PCR kit (Bio-Rad) according to 
the manufacturer’s protocol. A. thaliana actin 8 (AT1G49240), as constitutively expressed gene, was 
used as internal control to normalize gene expression levels, which remain constant under different 
nematode infection treatment. Quantification of the relative changes in gene expression was 
performed using the 2-∆∆CT method as described by Livak and Schmittgen (2001). 
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Table 1. Classification and abundance of small RNAs from the investigated libraries 
 Abundance in Library 
Small RNA class 4-dpi 7-dpi 
Cloned small RNAs 601 775 
Distinct small RNAs 373 (100%) 488 (100%) 
    Small RNA with perfect match to Arabidopsis genome 232 (62%) 343 (70%) 
             Known miRNA 8 (2.1%) 22 (4.5%) 
             Known ta-siRNA 2 (0.5%) 1 (0.2%) 
             Small RNA matching transposon or retrotransposon 8 (2.1%) 10 (2.7%) 
             Small RNA with perfect complementary matches to transcripts 8 (2.1%) 7 (2.1%) 
             Non-classified small RNA 41 (11%) 49 (10%) 
             rRNA, tRNA, snoRNA and snRNA 162 (43%) 250 (51%) 
    Small RNA with imperfect match to Arabidopsis genome 141 (38%) 145 (30%) 
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Table 2. miRNA-target genes subjected to quantitative real-time RT-PCR assays to quantify their 
mRNA expression levels in response to H. schachtii infection. 
miRNA Target Accession  
miR160 ARF10 AT2G28350 Auxin Response Factor 10 
 ARF16 AT4G30080 Auxin Response Factor 16 
 ARF17 AT1G77850 Auxin Response Factor 17 
 
miR167 ARF6 AT1G30330 
 
Auxin Response Factor 6 
 ARF8 AT5G37020 Auxin Response Factor 8 
 
miR164 NAC1 AT1G56010 
 
NAM/ATAF/CUC (NAC) domain containing protein 21 
 Similar to NAC1 AT3G12977 Similar to NAC domain containing protein 21 
 
miR396 GRF1 AT2G22840 
 
Growth-Regulating Factor 1 
 GRF3 AT2G36400 Growth-Regulating Factor 3 
 GRF8 AT4G24150 Growth-Regulating Factor 8 
 
miR171 SCL6-II AT2G45160 
 
SCARECROW-like transcription factor II 
 SCL6-III AT3G60630 SCARECROW-like transcription factor III 
 SCL6-IV AT4G00150 SCARECROW-like transcription factor IV 
 
miR398 CSD1 AT1G08830 
 
Cu/Zn superoxide dismutases 1 
  CSD2 AT2G28190 Cu/Zn superoxide dismutases 2 
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Table 3. Non-miRNA siRNAs showing perfect complementary matches to protein-coding genes  
ID Sequence 
Library 
(count) 
Hit 
Accession Annotation 
siRNA-1 ACATTGTGCTCTGAAA  4-dpi  (1) AT2G37460 Nodulin mtn21 family 
protein  
siRNA-2 CCATCAATCCTTTTCTTACTTTCT 4-dpi  (1) AT3G07340 Basic helix-loop-helix 
(bhlh) family  protein  
siRNA-3 AGCCACGACTATAATC 4-dpi  (1) AT3G21690 MATE efflux family protein  
siRNA-4 GAAACCTGAAATGAAA 4-dpi  (1) AT1G26796 Similar to self-
incompatibility protein-
related  
siRNA-5 CCTGAAACTGAAATAC 4-dpi  (1) AT3G54320 Transcription factor  
siRNA-6 TGCCTGTGATGGTGTTAAA 4-dpi  (1) AT1G18740 Unknown protein  
siRNA-7 TGCTTTTTTCATGACTATAACAAT 4-dpi  (1) AT2G21550 Bifunctional 
dihydrofolatereductase-
thymidylate synthase, 
putative 
siRNA-8 TGCGTTAGGCTGGCTTCAC 4-dpi  (1) AT4G02970 Signal recognition particle 
siRNA-9 CTGCCCATCTCTCACAGC 7-dpi  (1) AT5G18900 Oxidoreductase 
siRNA-10 TGCAAAAGGCCAATAAGT 7-dpi  (1) AT3G06435 Unknown protein  
siRNA-11 CCTGAAACTGAAACTGAAA 7-dpi  (5) AT5G60430 Unknown protein  
siRNA-12 ACCCCTTTCCAATTCAT 7-dpi  (1) AT2G45245 Unknown protein  
siRNA-13 CCCGGCATCGGAGCCA 7-dpi  (4) AT2G01031 Unknown protein  
siRNA-14 TTTGATGATGGAGCTCCTTA 7-dpi  (1) AT1G33080 MATE efflux family protein 
siRNA-15 CCCTTGTCTCGCCTAGGTTGGA 7-dpi  (1) AT5G04360 Alpha-amylase 
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Table 4. siRNAs matching retrotransposons or transposons 
ID Sequence Library 
(count) 
Annotation 
siRNA-16 TCTTCTGTGGTACCTACAATTTAC 7-dpi  (1) DNA/hAT-like 
siRNA-17 TCTTCTGTGGTACCTACAATTTAC 7-dpi  (1) DNA/hAT-like 
siRNA-18 TAACCTTCTTGTGTTATAAT 4-dpi  (1) DNA/MuDR 
siRNA-19 AGATAAAGAATTCCCTGATC 4-dpi  (1) LINE 
siRNA-20 CTGTAGGCACCTGAAC 4-dpi  (1) LINE 
siRNA-21 CTGAAACTGAAACTGAAA 4-dpi  (3) LINE 
siRNA-22 CTGTAGGCACCTGAAC 4-dpi  (1) LINE/L1 
siRNA-23 AGGCTTGCCTCTTGGGG 7-dpi  (1) LINE 
siRNA-24 GCCCGTCTAGCTCAGTTGGTA 7-dpi  (1) LINE/L1 
siRNA-25 ACTACTGATGGAGATGCTC 7-dpi  (1) LTR/Copia 
siRNA-26 ACTACTGATGGAGATGCTC 7-dpi  (1) LTR/Copia 
siRNA-27 CGATGCGATCATACCAGCACTAATG 7-dpi  (1) LTR/Gypsy 
siRNA-28 ACCCTAAACCCTAAACCCTAA 7-dpi  (1) LTR/Gypsy 
siRNA-29 GAGCTTCGAGTTGTCATAAGCGT 7-dpi  (2) LTR/Gypsy 
siRNA-30 ATGCGATCATACCAGCACTAATGCA 7-dpi  (1) LTR/Gypsy 
siRNA-31 CCCACGGTGGGCGCCA 4-dpi  (1) LTR/Gypsy 
siRNA-32 ATAGTTGGGACTTATTTACAA 4-dpi  (1) RC/Helitron 
siRNA-33 CGCAACCTTATCCTAAAAGCCTA 4-dpi  (1) Satellite 
 
 
  
Table 5. Predicted targets of siRNA 
ID Sequence 
Library 
(count) 
Putative 
Target Annotation Target sequence 
siRNA-34 CTGAATCGGAATCTGAA 4-dpi  (1) AT5G28150 Unknown protein TCCAGATTCCGATTCAG 
siRNA-35 CGGGTCCACGGGCCGGTTCTG 4-dpi  (1) AT3G27330 Zinc finger CAAAAGCGGCCCGTGGGCCTG 
siRNA-36 AATTATGGTGTTAAAGTCAATTAT 4-dpi  (1) AT4G25120 UvrD/REP helicase 
family protein 
ATAATTGACTTTAACTCCATAATT 
siRNA-37 AAAGTCTCCTGTGAAGAAA 4-dpi  (1) AT5G63770 Diacylglycerol kinase 2 TTTCTTCACAGGAGACTT 
siRNA-38 TGAAAGTGaAGGGATCCAAA 4-dpi  (1) AT1G13290 Zinc finger (C2H2 type) 
family protein 
TTGGATCCCTTCACTTTC 
siRNA-39 AAGGTGATGATGTTCTTGATAT 4-dpi  (1) AT1G75520  
AT1G18860  
AT1G50420 
AT3G26932  
 
AT3G57000 
SRS5 
ATWRKY61 
SCARECROW-LIKE 3 
DRB3  double-stranded 
RNA binding 
Nucleolar essential 
protein-related 
ACATCAAGATAATCATCACCTT  
ATCAAGAACATCATCA  
AGATCAAGAACATCATATCCT  
ATCAA-AACATCATCACCAT  
 
TATCGAAGAACATCATCTACC 
siRNA-40 GTAGTCCTAAGTTCTTCCCTCA 4-dpi  (1) AT4G34520 
AT3G48480 
AT3G45060 
Acyltransferase 
Cysteine-type peptidase 
Nitrate transporter 
AGAGAAGAACTTAGGACTA 
TGAGGGAAGAACTGAAGACT 
AGAGAAGAGCTTAGGACTAC 
siRNA-41 TGGAGATGATGAATGTTAAGTA 4-dpi  (1) AT1G50890 Similar to TOR1 TTCTTCACATTCATCATCATCA 
siRNA-42 ATATCTAAGACCATATGGGGTATC 4-dpi  (1) AT2G16365 F-box family protein AACCCATATGGTCTTAGAAA 
siRNA-43 AGGTGTTCTTCAAATATTTGTTGA 4-dpi  (1) AT1G30590 RNA polymerase AGCAAAATTTTGAAGAACATCT 
siRNA-44 ATATCACTTCATAATTCCTCCAAC 4-dpi  (1) AT3G60030 SPL12 transcription 
factor 
GTTGGAGGAATTATGCAGCGGTTT 
siRNA-45 AAAGCGTCTGTAGTCCAACGG 4-dpi  (3) AT4G38540 Monooxygenase CTGTTGGACTACACAGGCTT 
siRNA-46 AGAGCATCATTATCCATGAGTTC 4-dpi  (3) AT1G72860 Disease resistance 
protein 
AAGTGCATGGATAATGATGCT 
siRNA-47 TCTCCTCCACCACCTCCCT 7-dpi  (1) AT2G05440 Glycine-rich protein ACGGAGGTGGTGGAGGAG 36
 
  
Table 5 (continued) 
ID Sequence 
Library 
(count) 
Putative 
Target Annotation Target sequence 
siRNA-48 AATACTCTTGGCGACATAA 7-dpi  (1) AT2G40700 DEAH box helicase TCATGTCGCCAAGAGTTTT 
siRNA-49 CCGGAGGTAGGGTCCAGCGG 7-dpi  (1) AT1G24706 Similar to DEAD box 
RNA helicase 
CTGTTGGACCCTACCTCT 
siRNA-50 AAAGAAGTCGAAGCTGTACT 7-dpi  (1) AT3G55780 Glycosyl hydrolase 
family 17 protein 
AGTACAGCTTCGACTTCT 
siRNA-51 TTTCACTTCATCACACTCTCT 7-dpi  (1) AT3G23150 
AT1G02270 
ETHYLENE 
RESPONSE 2 
Calcium-binding EF 
hand family protein 
AGGGAGAGTGATGAAGTGAA 
 
AGAGAGTGTGATGGAGAGTAA 
siRNA-52 CGCGGCGTGTTCGAATTCTGA 7-dpi  (1) AT1G07150 MAPKKK13 TCAGAATTCGAAGACGCGGCG 
siRNA-53 GGCTAAGTCCGTTCGGTGGAA 7-dpi  (1) AT5G19100 Extracellular dermal 
glycoprotein-related 
TTCCACCGAACGAAGTCAGTC 
siRNA-54 TAATCTTGAGGTCCCTACTGAA 7-dpi  (1) AT3G06435 Unknown protein TTCAGTAGGGACCTCAAGAATA 
siRNA-55 AATATAATTTTGCAGTTTCGCC 7-dpi  (1) AT3G28650 DC1 domain-containing 
protein 
GTCGAAACTGCAAACTTACTTT 
siRNA-56 CGATTGATGATTTTGAGTTAAT 7-dpi  (1) AT4G29090 
AT1G60000 
 
AT2G14110 
RNA-dependent DNA 
polymerase, putative 29 
kda ribonucleoprotein 
Similar to HAD-
superfamily phosphatase 
TTAACTCAAA-TCATCAAT 
ATTAACTCAAAAG-ATCAAT  
 
ATTTACTCAAAATCAT-AATAG 
siRNA-57 AATGGTGGAGAAAGAAGAGCGAG 7-dpi  (1) AT5G17640 
AT1G33790 
Unknown protein 
Jacalin lectin family 
protein 
CTCTCTCTTGATTCTCCACCATT  
CTCTATCTTCTTTCTCCAGCAT 
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Table 5 (continued) 
ID Sequence 
Library 
(count) 
Putative 
Target Annotation Target sequence 
siRNA-58 CTTCTCTTTGTCTCTGTGACTCA 7-dpi  (1) AT4G35630 
 
AT4G17020 
 
AT3G05050 
 
AT4G35620 
PSAT (phosphoserine 
aminotransferase) 
Transcription factor-
related 
Protein kinase family 
protein 
Cyclin-dependent 
protein kinase regulator 
TGAGTCACAGAGGCAAAGAG 
 
TGAGTCAGAGAGACAAAGA  
 
GAGTATCGGAGACAAAGAGAAG  
 
GAGTCACAGAGAGAAGAGAGA 
siRNA-59 AATCTTGAGGTCCCTACTGAATT 7-dpi  (1) AT3G06435 Unknown protein AATTCAGTAGGGACCTCAAGAAT 
siRNA-60 AAGAGAGTTTGGTAATAGTTTTAC 7-dpi  (1) AT1G61350 
 
AT1G11920 
Armadillo/beta-catenin 
repeat family protein 
Pectate lyase family 
protein 
CAAATATTACCAAACTCTCTT  
 
AAACTATTACCAAACCCTAT 
siRNA-61 ATGTAGATGATGGGCTTAGATGAT 7-dpi  (1) AT3G50480 HR4 (homolog of rpw8 
4) 
ATCATCTAAGCCCATCATCTA 
siRNA-62 GTTGATGTGTCTGGTTTTTGATGTG 7-dpi  (1) AT1G77350 Unknown protein CATCCGCAACCAGACACATCAA 
siRNA-63 ATGTGCCAAAATTCGTAAA 7-dpi  (2) AT5G44820 Unknown protein TTTTACAAATTTTGGCACA 
siRNA-64 TAAGATGGTGGAACACTGGT 7-dpi  (1) AT4G02970 Signal recognition 
particle 
ACCAGTGTCCCACCATCTTA 
siRNA-65 AATCGCGACCTTCAATCCCGT 7-dpi  (1) AT5G66890 Disease resistance 
protein 
AAGGAATTGAAGGTTGTGATT 
siRNA-66 AGCGTTCTGAACGACTGGTTGA 7-dpi  (1) AT3G59570 RabGAP/TBC domain-
containing protein 
TCAACCAGTCGTTGAAAACGCT 
siRNA-67 ATATTCAAATGAGAACTTTGAAG 7-dpi  (1) AT4G35450 Ankyrin repeat-
containing protein 2 
GATCAAAGTTCTCATTTGAGTAT 
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Fig. 1. Susceptibility of DICER-like (dcl) and RNA-dependent RNA polymerase (rdr) knockout 
mutants to H. schachtii relative to wild-type Arabidopsis thaliana ecotype Col-0. The dcl2-1, dcl3-1, 
dcl4-2 single mutants, dcl2-1/dcl3-1, dcl2-1/dcl4-2, dcl3-1/dcl4-2 double mutants, dcl2-1/dcl3-1/dcl4-
2 triple mutant, and the rdr1-1, rdr2-1, 6-15 single mutants and rdr1-1/rdr2-1/6-15 triple mutant as 
well as wild-type Col-0 were planted on modified Knop’s medium, and two-week-old seedlings were 
inoculated with approximately 250 surface sterilized J2 H. schachtii nematodes. Relative 
susceptibility was determined by counting the female fourth-stage juvenile nematodes (J4) at 15 days 
post inoculation (dpi) in the knockout mutants relative to the wild-type Col-0. Three independent 
experiments are represented by three different symbols. Solid symbols indicate mutant lines that are 
significantly different from wild-type as determined by unadjusted paired t-tests (P<0.05) 
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Fig. 2. Expression patterns of mature miRNAs that are differentially expressed in response to H. 
schachtii infection. miRNA expression levels were measured by quantitative real-time RT-PCR using 
RNA isolated from infected and non-infected roots collected at 4 and 7 days post inoculation (dpi). 
The expression levels were normalized using 5.8S rRNA as an internal reference gene. The fold-
change values were calculated using the 2−∆∆CT method and represent changes of mature miRNAs 
abundance in infected roots relative to non-infected controls. Data are the averages of three 
measurements ± the standard error (SE). Mean values significantly different from 1.0 (no change) are 
indicated by asterisks as determined by paired t-tests (P < 0.05).  
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Fig. 3. Expression of miRNA-target genes in response to H. schachtii infection. mRNAs were 
quantified in total RNA extracted from infected and healthy roots collected at 4 and 7 dpi using real-
time RT-PCR. A. thaliana actin, as a constitutively expressed gene, was used as internal control to 
normalize gene expression levels. The fold-change values represent changes of mRNA abundance in 
infected roots relative to non-infected controls. Data are the average of three measurements ± the 
standard error (SE). Mean values significantly different from 1.0 (no change) are indicated by 
asterisks as determined by paired t-tests (P < 0.05). 
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Fig. 4. Expression analysis of putative endogenous siRNAs in response to H. schachtii infection. 
Accumulation of siRNAs in H. schachtii-infected roots relative to non-infected was analyzed by real-
time RT-PCR. The 5.8S rRNA was selected as a reference gene. Data are the average of three 
measurements ± the standard error (SE). Mean values significantly different from 1.0 (no change) are 
indicated by asterisks as determined by paired t-tests (P < 0.05).  
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CHAPTER 3. CELLULOSE BINDING PROTEIN FROM THE PARASITIC NEMATODE 
HETERODERA SCHACHTII INTERACTS WITH  
ARABIDOPSIS PECTIN METHYLESTERASE:  
COOPERATIVE CELL WALL MODIFICATION DURING PARASITISM 
 
A paper published in Plant Cell 
 
Tarek Hewezi, Peter Howe, Tom R. Maier, Richard S. Hussey, Melissa Goellner Mitchum, Eric L. 
Davis and Thomas J. Baum 
ABSTRACT 
Plant–parasitic cyst nematodes secrete a complex of cell wall-digesting enzymes, which are 
thought to play a role mainly during root penetration and migration. In addition to these enzymes, the 
soybean cyst nematode Heterodera glycines also produces a secretory protein consisting of a 
cellulose-binding domain (CBD) alone, i.e., without catalytic domains for enzyme activity, and this 
protein was termed cellulose-binding protein (Hg-CBP). The function of this protein remains 
completely unknown and its elucidation is described here. For this purpose, an orthologous cDNA 
clone (Hs-CBP) was isolated from the sugar beet cyst nematode Heterodera schachtii, which is able 
to infect the model plant Arabidopsis thaliana. In-depth expression analysis pinpointed CBP activity 
to the early phases of feeding cell formation and not during the migratory phase. Transgenic A. 
thaliana plants expressing Hs-CBP developed longer roots and exhibited enhanced susceptibility to 
H. schachtii. Using a yeast two-hybrid screen we identified A. thaliana pectin methylesterase protein 
3 (PME3) as strongly and specifically interacting with Hs-CBP. Transgenic plants overexpressing 
PME3 also produced longer roots and exhibited increased susceptibility to H. schachtii while a pme3-
knockout mutant showed opposite phenotypes. Measuring in planta PME activity revealed that CBP 
increases PME3 activity. Localization studies support the mode of action of PME3 as a cell wall-
modifying enzyme. Expression of CBP in the pme3 knockout mutant revealed that the CBP-PME3 
interaction is a required but not the sole mechanism for the increased susceptibility observed in CBP–
overexpression lines. Together, our data indicate that the cyst nematode CBP directly interacts with 
PME3 thereby activating and potentially targeting this enzyme to cooperatively modify cell wall 
characteristics in a way to aid cyst nematode parasitism.  
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INTRODUCTION 
Cyst nematodes, Heterodera and Globodera spp, are sedentary parasites of plant roots in 
many economically important cropping systems where they cause severe yield loss (Barker and 
Koenning, 1998; Wrather et al., 2001). The soybean cyst nematode, H. glycines, is regarded as the 
most serious pathogen problem in soybean production worldwide and the sugar beet cyst nematode 
(H. schachtii) also is a devastating pathogen to many plant species in addition to sugar beets. In order 
to sustain their subsequent sedentary parasitic stages, cyst nematodes induce the formation of 
elaborate feeding sites, termed syncytia, whose etiology includes substantial cell wall reorganization 
and dissolution in addition to dramatic cytoplasmic and nuclear changes (Williamson and Hussey 
1996). The parasitic feats of cyst nematodes during penetration, migration, syncytium formation and 
maintenance, and feeding are aided by proteinaceous stylet secretions, which are the expression 
products of specific parasitism genes in nematode esophageal gland cells (Davis et al., 2004, 2008). 
Parasitism proteins are synthesized as preproteins with N-terminal signal peptides targeting them to 
the gland cell endoplasmic reticulum and the secretory pathway (Qin et al., 2000; Wang et al., 2001). 
Nematode parasitism proteins are developmentally produced and released through the stylet into plant 
tissues and cells to promote the parasitic interaction. While two subventral gland cells are most active 
during the early stages of parasitism, i.e., root penetration and migration and early events of 
syncytium formation, the single dorsal gland cell becomes most active in the later stages of syncytium 
formation, maintenance, as well as during feeding. 
A large number of H. glycines parasitism genes were identified by different approaches, most 
recently the microaspiration of esophageal gland cell cytoplasm followed by the construction and 
mining of gland cell cDNA libraries (de Boer et al., 2002; Gao et al., 2001, 2003; Wang et al., 2001). 
Among the subventral gland-produced parasitism proteins of H. glycines was a short protein with 
high similarity to the cellulose-binding domain (CBD) of previously identified H. glycines 
endoglucanases (Smant et al., 1998). Additionally, actual binding to cellulose was documented 
experimentally and this protein, therefore, was termed cellulose-binding protein, or Hg-CBP (Gao et 
al., 2004). Cyst nematode endoglucanases produced in the subventral glands and secreted during the 
migratory phase are thought to be key parasitic tools to breach root cell walls (Smant et al., 1998, de 
Boer et al., 1999; Goellner et al., 2001; Wang et al., 1999). Cyst nematode endoglucanase expression 
sharply decreases as syncytia are initiated (de Boer et al., 1999; Goellner et al., 2000), and 
subsequently, plant endoglucanase expression is upregulated within the developing feeding cells 
(Goellner et al., 2001).  
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The plant cell wall provides essential mechanical strength and rigidity and also acts as a 
physical barrier against pathogens. The primary cell wall is a network of crystalline cellulose 
microfibrils embedded in a matrix of hemicelluloses and pectins. Cellulose is a particularly difficult 
polymer to degrade, as it is insoluble and is present as hydrogen-bonded crystalline fibers (Doi and 
Kosugi, 2004). Microorganisms have evolved the ability to break down plant cell walls, which 
involves the production and secretion of a large number of cellulase enzymes that can act 
synergistically (Collmer and Keen, 1986). In the case of aerobic fungi and bacteria, the majority of 
these cellulases have a specific modular structure consisting of a catalytic domain, responsible for 
hydrolysis, and a cellulose-binding domain (CBD) responsible for attachment of the enzymes to the 
insoluble cellulose substrate.  
CBD-containing proteins that have no apparent hydrolytic activity but exhibit cellulose-
binding activity were first isolated from the cellulolytic bacterium Clostridium cellulovorans L. 
(Shoseyov and Doi, 1990). This CBP exhibited a relatively high affinity for cellulose and was found 
to be essential for the degradation of crystalline cellulose (Goldstein et al., 1993). It is thought that 
CBD determines the efficiency of degradation of insoluble cellulose by concentrating cellulase 
catalytic domains on the surface of the insoluble cellulose substrate (Tomme et al., 1998; Carrard et 
al., 2000).  
More than 200 CBDs, either as CBPs alone or as part of catalytic proteins, have been 
identified from different organisms and classified into different families according to their amino acid 
sequence similarities in the CAZY database (http://afmb.cnrs-mrs.fr/˜pedro/CAZY/cbm.html). CBDs 
also differ in their binding affinity and substrate specificity (Carrard et al, 2000; McCartney et al., 
2006). In plant-parasitic nematodes, the first CBP gene to be identified was Mi-CBP-1 from the root-
knot nematode (RKN) Meloidogyne incognita (Ding et al., 1998). Mi-CBP-1 encodes a signal 
peptide, a C-terminal CBD and a 71-amino acid N-terminal region with unknown function. These 
latter two domains are joined by a linker peptide. Mi-CBP-1 was found to bind to cellulose and plant 
cell walls but lacked cellulase activity. Strong evidence for secretion and involvement of Mi-CBP-1 
in pathogenesis was provided by the detection of this protein in J2 stylet secretions. Hg-CBP from H. 
glycines was the second such cDNA from a nematode (Gao et al., 2003, 2004) and the first CBP 
identified in nematodes consisting only of a signal peptide and a CBD. Like Mi-CBP-1, recombinant 
Hg-CBP protein had no hydrolytic activity on carboxymethyl-cellulose but was able to bind to 
cellulose in an in vitro assay. Similarly, the potato cyst nematode (Globodera rostochiensis) secrets a 
non-cellulase CBD-containing protein. However, another region of this protein was similar to plant 
expansins, and cell wall-softening activity could be shown experimentally (Qin et al., 2004). Hg-CBP 
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does not have similarity to expansins and its functional roles in plant-nematode interactions still 
remain elusive. However, the developmental expression patterns of Hg-CBP during different 
nematode life stages suggest a role in pathogenesis most likely during the establishment and 
maintenance of the nematode feeding sites (Gao et al., 2004). 
Very limited data regarding the effects of CBPs on the living plant cell are available. It has 
been shown that a recombinant bacterial CBD enhanced elongation of different plant cells in vitro 
(Shpigel et al., 1998). Similarly, a bacterial CBD from C. cellulovorans was also found to modulate 
plant growth in transgenic poplar plants leading to a significant increase in biomass production in 
selected clones when compared with the wild type (Shoseyov et al. 2001). Although these data 
indicate that CBDs can modulate plant growth, the mechanisms by which these unique CBDs affect 
plant development or susceptibility to plant-parasitic nematodes still remain obscure. In this study we 
used an integrative approach to investigate the function of CBP during cyst nematode parasitism. 
Interestingly, we discovered an unexpected mode of action of cyst nematode CBPs that entails a 
direct interaction with a plant endogenous pectin methyl esterase protein. 
RESULTS 
Identification of the sugar beet cyst nematode Hs-CBP-1 cDNA  
In order to make use of the extensive resources and technical advantages offered by the 
model plant A. thaliana, which is a host to the sugar beet cyst nematode H. schachtii (Sijmons et al., 
1991), we isolated the H. schachtii homolog of H. glycines CBP using a homology-based PCR 
approach. Identical to the Hg-CBP (Gao et al., 2004), the H. schachtii CBP cDNA (Hs-CBP) 
contained an open reading frame of 396 bases encoding a 132 amino acid protein with an N-terminal 
signal peptide for secretion and a CBD of 107 amino acids. The H. schachtii protein had 94% identity 
and 97% similarity to the CBP of H. glycines (Supplemental Figure 1). 
Localization of Hs-CBP transcripts 
One of the hallmark characteristics of parasitism genes is their exclusive expression in the 
secretory esophageal gland cells. To provide evidence that Hs-CBP is expressed uniquely in the 
esophageal gland cells, the tissue localization of Hs-CBP mRNA was analyzed in different parasitic 
life stages of H. schachtii using in situ mRNA hybridization. The digoxigenin-labelled antisense 
cDNA probes of Hs-CBP hybridized exclusively with transcripts accumulating within the subventral 
esophageal gland cells (Figure 1A). No signal was detected when the control sense cDNA probes 
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were used. The Hg-CBP was also shown to hybridize exclusively to the subventral esophageal gland 
cells in H. glycines (Gao, et al. 2003). 
Developmental expression pattern of Hs-CBP 
The expression profile of a given parasitism gene will identify the most likely time of activity 
of the corresponding parasitism protein. Therefore, we assessed the Hs-CBP expression profile using 
real-time RT-PCR through the six H. schachtii developmental stages of eggs, pre-parasitic second-
stage juvenile (pre-J2), parasitic J2 (par-J2), third-stage juvenile (J3), fourth-stage juvenile (J4) and 
adult females. Hs-CBP mRNA steadily increased from eggs to J3 and then rapidly declined after the 
J3 stage (Figure 1B). This expression pattern is very similar to that previously observed in H. glycines 
(Elling et al. 2007a; Gao et al., 2004), and supports a role in pathogenicity as a secreted protein. The 
expression peak at the J3 stage again suggests a role during the early phases of syncytium formation. 
Transgenic A. thaliana plants expressing Hs-CBP are altered in morphology and susceptibility 
H. schachtii 
It has been shown that CBDs can affect plant growth and development in vitro and in planta 
(Shpigel et al., 1998; Shoseyov et al. 2001). Therefore, it was particularly interesting to see if Hs-CBP 
overexpression produces similar phenotypes. In addition, if Hs-CBP has a function in cell wall-
modification, one can reasonably postulate that ectopic expression in A. thaliana should alter cell 
wall-associated phenotypes. To investigate this, we transformed A. thaliana with gene constructs 
containing the 35S CaMV promoter driving the Hs-CBP cDNA either with the native signal peptide 
(SP+CBP) or without (SP-CBP). Presence or absence of the signal peptide was thought to potentially be 
helpful in discerning if the site of CBP action is in the apoplast or the symplast of the host plant, 
respectively. For each of the two constructs, multiple independent homozygous T3 lines were 
identified. Lines 2-4, 21-9 and 30-6, containing Hs-CBP with signal peptide, and lines 12-10, 26-3 
and 28-7, containing Hs-CBP without signal peptide, were found to express Hs-CBP at high levels as 
quantified by real-time RT-PCR and were used in further studies. Seeds from these six homozygous 
lines were planted on nutrient medium and root length was measured 9 days after planting as already 
at that time obvious differences between the roots of transgenic lines and the wild type were visible. 
Interestingly, expression of SP+CBP as well as SP-CBP produced plants with significantly increased 
root lengths (Figure 2A and B) ranging from 21.68 mm ± 0.91 to 33.09 mm ± 2.03 in the SP+CBP 
transgenic lines and 26.67 mm ± 1.57 to 33.88 mm ± 0.82 in the SP-CBP transgenic lines compared to 
the wild-type control (16.71 mm ± 0.97), while no statistically significant differences were detected 
between lines with and without the signal peptide coding sequence. Also, no significant differences 
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were observed in the above-ground parts of any CBP transgenic lines when compared to the wild 
type. These dramatic changes in morphology document that the nematode-produced CBP has a 
biological function in planta. Also, the in planta expression phenotype changes are reminiscent of 
those seen by others investigating bacterial CBDs in planta, suggesting a conserved mode of action of 
both nematode and bacterial molecules, although bacterial CBDs also influenced shoot phenotypes. 
Since the signal peptide had no effect on plant phenotype, it can be postulated that, most 
likely, the nematode signal peptide does not properly work in planta and that the observed plant 
phenotypes are due to a cytoplasmic accumulation of Hs-CBP. To test this hypothesis, we fused the 
3’-ends of both SP+CBP and SP-CBP cDNAs to the green fluorescent protein (GFP) and β-
glucuronidase (GUS) reporter genes (SP+CBP:GFP:GUS and SP-CBP:GFP:GUS) under the control of 
double CaMV 35S promoters. Both constructs were delivered into onion epidermal cells by biolistic 
bombardment. After 24 h of incubation following bombardment, the onion epidermal cells were 
treated with 1 M sucrose solution to separate cytoplasm from cell walls (plasmolysis). For both 
constructs, GFP signals were localized only within transformed plant cells rather than in cell walls 
(Figure 2C) suggesting that the native nematode signal peptide in fact did not function properly in 
planta and that the observed CBP overexpression phenotypes are due to events that are initiated in the 
cytoplasm. 
Secretion of CBP by cyst nematodes into host plants should facilitate parasitism. Therefore, 
we determined the susceptibility of the same six CBP-expressing transgenic A. thaliana lines 
described above in nematode infection assays in which the numbers of J4 females were determined 
and used to quantify plant susceptibility. Transgenic lines expressing CBP cDNAs were significantly 
more susceptible to H. schachtii than the wild type (Figure 2D). It is important to mention that there 
was a clear relationship between CBP expression level and the degree of susceptibility. The two lines 
that showed the lowest susceptibility among all test lines were those with the lowest CBP expression 
levels (high ∆Ct values) (Supplemental Table 1). These results establish that Hs-CBP functions in 
planta in a manner conducive to successful cyst nematode parasitism.  
In order to evaluate whether this elevated level of susceptibility was a specific result of CBP 
functioning as a cyst nematode parasitism protein or merely was a function of the increased root area 
available for penetrating nematodes, two lines (21-9 and 26-3) showing the most significant increase 
in root length, were inoculated with H. schachtii J2 along with the wild-type control and four days 
post inoculation the total number of penetrated nematodes was counted. Data from two independent 
experiments revealed no statistically significant differences between the tested lines and the wild-type 
control (Figure 2E). These data indicate that the increased susceptibility to H. schachtii is not due to 
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elevated penetration rates conditioned by enlarged roots but rather is due to post-penetration effects of 
the H. schachtii CBP parasitism protein.  
Similarly, all six transgenic A. thaliana lines expressing CBP cDNAs were inoculated with 
the root-knot nematode Meloidogyne incognita, which uses a different penetration and in planta 
migration strategy and induces different feeding cells than cyst nematodes. Although slightly 
elevated, no statistically significant effect of Hs-CBP on plant susceptibility to M. incognita was 
observed (Figure 2F) indicating that CBP functions specifically to modulate parasitic success of cyst 
nematodes.  
In order to further explore why Hs-CBP-expressing A. thaliana lines are more susceptible to 
H. schachtii, we measured the size of syncytia formed in transgenic and wild-type A. thaliana lines. 
For this purpose, ten single-nematode syncytia were randomly selected for size measurement from 
lines 21-9 and 26-3 10 days after inoculation. No statistically significant differences were observed 
between the size of syncytia from transgenic lines expressing CBP (0.249 mm2 ± 0.01) and the wild-
type control (0.231 mm2 ± 0.018). These results indicate that the mode of action responsible for 
increased susceptibility of Hs-CBP-expressing A. thaliana lines does not involve an enlargement of 
syncytia per se.  
Hs-CBP interacts with Arabidopsis pectin methylesterase 3 
Judging from the fact that CBP lacks an obvious catalytic domain, it is plausible that 
interactions with other proteins are required for CBP function. We, therefore, set out to identify host 
proteins that interact with Hs-CBP and used a yeast two-hybrid (Y2H) approach to screen three A. 
thaliana Y2H prey libraries, which we generated from roots at 3, 7 and 10 days after H. schachtii 
inoculation. These libraries, consequently, contained cDNA clones from parasitic H. schachtii at the 
different time points after infection along with the cDNAs from A. thaliana plants at various stages of 
nematode parasitism. After screening of approximately 15.62 × 106 yeast colonies from the three prey 
libraries in roughly equal proportions, we identified 90 clones of candidate interactor (prey) proteins. 
Prey plasmids were rescued from these yeast colonies, and DNA sequencing revealed that these 
clones coded for nine independent A. thaliana proteins. The specificity of these putative interactions 
was further scrutinized as described in the Materials and Methods and only one protein consistently 
and reproducibly gave a specific interaction with Hs-CBP (Figure 3A). This protein was A. thaliana 
pectin methylesterase 3 (PME3, At3g14310). The positive interaction between Hs-CBP and PME3 
was further confirmed by α-Gal quantitative assays (Figure 3B). In order to provide additional 
confirmatory evidence of this interaction, bimolecular fluorescent complementation (BiFC) assays 
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were performed. Hs-CBP and PME3 without signal peptides were fused to N-terminal and C-terminal 
halves of yellow fluorescent protein (YFP), respectively, and co-expressed in onion epidermal cells. 
The interaction between Hs-CBP and PME3 reconstituted the activity of YFP in the cytoplasm of 
transformed cells (Figure 3C). No YFP fluorescence was obtained when the YFP fragment constructs 
containing Hs-CBP or PME3 were bombarded alone or in combination with empty vectors or an 
unrelated nematode gene.  
Because the A. thaliana genome contains at least 66 PME-related genes, we tested whether 
other PME proteins can bind to Hs-CBP in yeast two-hybrid assays as well. In these experiments, 
PME2 (At1g53830), which shares the highest sequence similarity with PME3 among all PME family 
members was cloned with and without signal peptide in the prey vector. Also, PME1 (At1g53840), a 
non-secretory protein, was cloned in the prey vector. The potential interactions between these two 
PME proteins and Hs-CBP were tested after co-transformation of prey and bait plasmids into yeast. 
No interaction between Hs-CBP and these preys was detected indicating that the interaction between 
Hs-CBP and PME3 is highly specific (Figure 3D). 
To identify the region of amino acids of Hs-CBP required for the interaction with PME3, a 
series of deletions of the Hs-CBP sequence in the bait vector was generated and the interaction was 
examined by α-Gal quantitative assay after co-transformation of bait and prey plasmids into the 
requisite yeast strain. N-terminal Hs-CBP amino acid deletions ∆1-72 and ∆1-97 showed no or only 
weak interaction with PME3 (Figure 3E). However, the shorter N-terminal amino acid deletion ∆1-47 
gave rise to an increased interaction when compared to the complete Hs-CBP sequence. This finding 
indicates that the first 47 amino acids of Hs-CBP are not critical for the interaction and that the next 
25 amino acids are necessary for binding to PME3. To test this possibility, a bait plasmid containing 
only amino acids 48-88 was generated. This bait construct was found to bind to the prey and gave rise 
to strong α-Gal activity. Finally, a bait construct containing only amino acids 48 through 72 gave rise 
to the strongest interaction (Figure 3E) indicating that these 25 amino acid residues are necessary and 
sufficient for recognition and binding of PME3 in the Y2H system 
Subcellular localization of PME3 and temporal expression during H. schachtii infection  
To investigate the subcellular localization of PME3, the 3’-end of the PME3 coding sequence 
(with or without the native signal peptide coding region) was translationally fused to the GFP and 
GUS reporter genes and expressed in onion epidermal cells. After plasmolysis, the GFP signal was 
detected only in the cytoplasm of the onion cells bombarded with the fusion construct containing 
PME3 without the signal peptide. However, when the PME3 construct with signal peptide was fused 
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to GFP, the reporter protein was detected both in the cell wall and the cytoplasm (Figure 4A). These 
results corroborate our Y2H-predicted CBP-PME3 in planta interaction since both proteins can be 
found within the plant cell cytoplasm. 
If indeed PME3 has a function during cyst nematode parasitism, it is conceivable that PME3 
mRNA abundance may change during cyst nematode infection, potentially as a result of the protein-
protein interaction or other mechanisms. PME3 mRNA was quantified in triplicate quantitative real-
time RT-PCR assays using gene-specific primers designed to discriminate between different members 
of the PME gene family. Two-week-old wild-type A. thaliana seedlings were inoculated with H. 
schachtii, and root and shoot tissues were harvested from treated and control plants at 3, 8 and 14 
days post inoculation (dpi) for RNA extraction. Data from three independent experiments revealed 
that PME3 mRNA was up-regulated in H. schachtii-inoculated roots at all time points when 
compared to non-infected roots. The strongest induction was observed at the 8-day time point (Figure 
4B). Interestingly, PME3 mRNA abundance was much weaker in shoots than in roots and significant 
up-regulation was only seen at the 8-d time point (Figure 4B). Quantifying the gene expression level 
of PME3 in root versus shoot tissues of 2-3 week-old uninfected A. thaliana plants revealed a more 
than 58-fold higher PME3 expression in roots when compared to shoots.  
PME3 expression levels correlate with A. thaliana susceptibility 
To provide additional information about the involvement of PME3 in the plant response to H. 
schachtii, transgenic A. thaliana lines over-expressing the full-length PME3 cDNA with the signal 
peptide and under the control of 35S CaMV promoter were generated and phenotypically 
investigated. Independent T3 homozygous lines developed longer roots and taller shoots than Col-0 
wild-type plants (Figure 4C and D). When transgenic lines were assayed for nematode susceptibility, 
all three T3 homozygous lines tested (3-4, 4-1 and 8-11) supported significantly higher numbers of 
adult females than wild-type plants (Figure 4E). These findings indicate that, much like Hs-CBP, 
PME3 activity is conducive to H. schachtii parasitism.  
To further explore PME3 function, we screened a T-DNA insertion mutant database at TAIR 
(Alonso et al., 2003) and identified a T-DNA-tagged PME3 insertional mutant (CS-857169). 
Sequence analysis of this mutant allele revealed that the T-DNA insertion is located in the likely 
promoter at 305 nucleotides upstream of the start codon. Quantitative real-time RT-PCR analysis of 
PME3 mRNA abundance in homozygous mutant plants using gene-specific primers failed to detect 
any transcript even after high numbers of PCR amplification cycles. In contrast, specific 
amplifications were detected in both heterozygous and wild-type plants (Figure 5A). To address 
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whether the knockout mutation of PME3 affected root length, because we observed larger roots in 
over-expression lines, we examined 15-day-old seedlings grown on nutrient medium. We determined 
that the root length of mutant plants was significantly shorter (38.08 mm ± 1.90) than that of the wild-
type (49.18 ± 1.52) (Figure 5B), which is in line with the overexpression phenotype described above. 
Most importantly, we also determined the susceptibility to H. schachtii of pme3 knock-out mutants in 
three independent experiments. Compared to the wild type, mutant plants were significantly less 
susceptible to H. schachtii (Fig. 5C). 
As was performed for Hs-CBP-expressing A. thaliana lines, we assayed PME3-
overexpressing lines as well as the knock-out mutant for susceptibility to M. incognita. These assays 
did not reveal altered susceptibility phenotypes of these lines (Figure 6) documenting that the PME3 
effects, much like Hs-CBP, are specific for the cyst nematode interaction. 
To provide additional evidence for the direct connection between Hs-CBP and PME3, we 
measured PME activity in the transgenic plants expressing Hs-CBP (line 2-4), the pme3 knockout 
mutant, and the PME3 overexpression plants (line 3-4) under non-infected conditions. As expected, 
the pme knockout mutant showed an approximately 15% decrease in PME activity while PME3 
overexpression plants exhibited a dramatic increase of PME activity of almost 260% (Table 1). Most 
interestingly, a small but statistically significant increase of PME activity of about 8% was detected in 
the Hs-CBP expressing plants compared to the wild–type control (Table 1). These findings support 
our finding of an effect of Hs-CBP on PME function and suggest that Hs-CBP interaction with PME3 
increases this protein’s activity.  
Expression of Hs-CBP in the pme3 knockout mutant 
To determine whether Hs-CBP affects plant phenotypes exclusively through its interaction 
with PME3, we expressed Hs-CBP in the pme3 knockout mutant, and four non-segregating T2 lines 
were phenotypically analyzed. Interestingly, these transgenic plants showed significantly increased 
root lengths ranging from 43.72 mm ± 1.03 to 48.94 mm ± 1.09 compared to the pme3 knockout 
mutant (35.23 mm ± 0.96) (Figure 7A). However, the average increase of 32% was dramatically less 
than the 64% observed in wild type plants expressing Hs-CBP. When these lines were used in 
nematode assays to determine plant susceptibility to H. schachtii, we observed a trend of weakly 
increased plant susceptibility compared to pme3 knockout mutant. However, these changes were 
statistically not significant (Figure 7B). These data indicate that Hs-CBP in fact requires PME3 for 
the majority of the observed phenotypic effects but that other, minor mechanisms also do exist. 
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DISCUSSION 
Identification of both nematode and host proteins involved in key processes of the compatible 
plant-nematode interaction will provide insights into the mechanisms of successful parasitism. At the 
same time, these studies reveal valuable insights into general plant biology as new functions of plant 
proteins are discovered. The soybean cyst nematode has been shown to produce a unique secretory 
cellulose-binding protein (CBP) consisting only of a cellulose-binding domain (CBD) without a 
catalytic domain (Gao et al., 2004). Several lines of evidence suggest that CBP is secreted during 
parasitism. First of all, there is no cellulose within the nematode and CBP genes are not found in any 
non-parasitic or animal-parasitic nematodes, indicating that the site of action is within the plant tissue. 
Furthermore, the presence of an N-terminal signal peptide and the absence of transmembrane domain 
motifs in the protein sequence together with the CBP gene’s exclusive expression in the nematode 
secretory subventral gland cells determined by in situ hybridization document that CBP is a secreted 
protein involved in parasitism. If indeed CBP has the important function in pathogenesis as 
hypothesized, its gene should be expressed during a defined period of parasitic stages. Using real-
time RT-PCR to profile the expression of the H. schachtii CBP through major developmental stages 
we observed high increases of CBP mRNA abundance in the parasitic J2 and an expression peak in 
the J3 stages, which suggests a role in parasitism during the time period after penetration into the 
plant root and particularly during early syncytium formation and development. In this period, cell 
walls are dramatically altered/remodeled during nematode migration as well as during extensive 
incorporation of root cells into the syncytium. The ability of the recombinant Hg-CBP protein to bind 
to cellulose in in vitro assays (Gao et al., 2004) again supports a role of CBP inside plant tissues 
where cellulose represents an ubiquitous molecule. Finally, detection of a CBP in stylet secretions of 
M. incognita J2 (Ding et al., 1998) provides strong evidence that CBPs are secreted proteins with 
functions in plant tissues during nematode parasitism.  
Expressing parasitism genes in plant hosts with the goal to assess parasitism protein effects 
on plant phenotype and nematode susceptibility provides a meaningful way to functionally 
characterize parasitism proteins (Wang et al., 2005; Huang et al., 2006). We expressed the Hs-CBP 
cDNA in A. thaliana, which resulted in increased root length compared to wild-type controls. This 
observation is in agreement with the previously reported functional role of bacterial CBDs in living 
plant cells. Shpigel et al. (1998) reported that the CBD from C. cellulovorans enhanced elongation of 
peach pollen tubes and A. thaliana roots when it was used at low concentrations. Recently, transgenic 
potato plants producing a bacterial CBP were found to be taller and larger than wild-type plants at 
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early stages of development but did not differ significantly at later developmental stages (Safra-Dassa 
et al., 2006) suggesting that this CBP can function in a stage-dependent manner, potentially correlated 
with elevated rates of cell division.  
The fact that Hs-CBP serves an important function during the plant-nematode interaction 
became evident through the significantly elevated susceptibility of A. thaliana plants expressing Hs-
CBP. This result was further confirmed by our finding that not the increased root size per se led to an 
increase in overall nematode numbers penetrating into the roots but that rather a cyst nematode-
specific root alteration had taken place that allowed higher parasitic success post-penetration. These 
data along with our expression analyses indicate that CBP most likely functions not during the 
penetration phase of infection but rather during early phases of syncytium formation. Interestingly, 
our data revealed no significant difference in syncytia size between the transgenic Hs-CBP-
expressing lines and wild-type plants. The functional role of CBP in facilitating nematode parasitism, 
therefore, could be accelerated feeding site development.  
Like CBP, PME3 showed convincing cause to postulate an important role during parasitism. 
PME3 over-expression lines showed phenotypes similar to CBP over-expression including a 
significantly elevated susceptibility to cyst nematodes. In contrast, knocking out PME3 resulted in the 
exact opposite phenotypes of shorter roots and reduced susceptibility. PME3, therefore, plays a 
crucial role in cyst nematode parasitism, which also gives additional credence to the conclusion that 
the interaction with PME3 is of importance for the function of CBP. In addition, the soybean ortholog 
of PME3 (BE821923) was shown to be upregulated within the actual developing syncytia induced by 
the soybean cyst nematode H. glycines (Ithal et al., 2007), which provides additional evidence of a 
role for PME3 in the cyst nematode infection process. Most importantly, a direct functional 
connection between PME3 and Hs-CBP is supported by our finding that transgenic plants expressing 
Hs-CBP exhibited higher PME activity than wild-type control. The observed 8% increase in PME 
activity is even more impressive when considering that a) the employed assay measures all root PME 
activity, consisting of numerous enzymes and that CBP appears to only interact with PME3 and b) 
mutational knockout of PME3 resulted in an activity loss of only 15%. Furthermore, the root-
preferential expression of PME3 most likely is the cause of the root-specific phenotypes in Hs-CBP-
expressing A. thaliana lines and again increases the relevance of the interaction between both 
proteins.  
Several pieces of evidence have indicated that PMEs contribute to cell growth by regulating 
the mechanical and chemical properties of plant cell walls via demethylesterification of pectin 
embedded in the plant cell wall (Micheli, 2001). Transgenic potato plants overexpressing pectin 
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methylesterase were characterized by relatively rapid elongation at early stages of development 
(Pilling et al. 2000). The enlarged size of plants overexpressing CBP or PME3 may be attributable to 
this type of PME action. It has been suggested that PMEs also have a role in resistance to fungal and 
bacterial pathogens (McMillan et al., 1993; Boudart et al., 1998; Wietholter et al., 2003) by affecting 
the physicochemical properties of the cell wall to be more accessible to cell wall-digesting enzymes 
(Lionetti et al., 2007). Interestingly, we did not find significant effects of CBP or PME3 on plant 
susceptibility to M. incognita. The finding that CBP and PME are specific to cyst nematodes can be 
explained by the fact that CBP functions during syncytium formation and the fact that root-knot 
nematodes induce completely different feeding sites, termed giant-cells, that are derived through 
unrelated etiology despite the relatively close phylogenetic relationship between both nematodes. 
Due to the new insights provided here, the mechanism by which Hs-CBP facilitates nematode 
parasitism becomes clearer. Taken together, our results suggest that Hs-CBP is used during syncytium 
formation through its interaction with PME3. Despite our findings that CBP and PME3 may interact 
in the plant cytoplasm, it appears likely that ultimately Hs-CBP and PME3 function in the cell wall, 
given the fact that the cell wall is the site of cellulose accumulation and that PME3 is localized in the 
cytoplasm as well as the cell wall. In this scenario, Hs-CBP could be initially secreted into the 
cytoplasm as indicated by our subcellular localization data from where it is hypothesized to be 
exported to the cell wall. Our data further suggest that Hs-CBP functions in the targeting (to 
cellulose-associated pectin) and/or activation of PME3 to reduce the level of methylesterification of 
pectin in the cell wall. The well-known opposite relationship between PME activity and pectin 
methylesterification level has been described in the literature (Lionetti et al., 2007). Therefore, it 
appears most likely that a reduction of cell wall pectin methylesterification through CBP-mediated 
increased and targeted PME3 activity allows improved access of other cell wall-modifying enzymes 
to cell wall polymers, thereby accelerating enzymatic breakdown, which is a requirement for 
syncytium development. In support, the ability of polygalacturonases and pectate lyases to degrade 
the pectin main chain has been shown to depend on the activity of PME (Christgau et al., 1996). In 
contrast, the expected high level of methylesterified pectin in the pme3-knockout mutant would 
hamper the activity of cell wall-modifying enzymes and consequently reduce their activities resulting 
in reduced susceptibility, which is what we observed in the nematode susceptibility assays. 
Expression of Hs-CBP in the pme3 knockout mutant resulted in a slight increase of nematode 
susceptibility of about 34% compared to the pme3 mutant. However, this percentage is much lower 
than the 78% observed when CBP was expressed in wild type, showing that the CBP-PME3 
interaction is a required, but not the sole, mechanism for the increased susceptibility observed in Hs-
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CBP–overexpressing lines. Similarly, Hs-CBP expression in the pme3 knockout mutant resulted in 
only a 32% increase of root length compared to the 64% increase when Hs-CBP was expressed in the 
wild type. Our work uncovered the first example of a molecular plant – animal interaction using a 
bipartite cooperative means of cell wall-modification to further the parasitic success of the nematode. 
In conclusion, reducing the level of methylesterified pectin in the cell walls of presyncytial cells 
during the early stages of syncytium formation through the activation/targeting of PME3 is the most 
likely mode of action of Hs-CBP in facilitating parasitism.  
METHODS 
Plant materials and growth conditions 
A. thaliana seeds were surface-sterilized in 50% bleach for 5 min followed by four rinses in 
sterile water. Plants were grown under sterile conditions on Murashige and Skoog (MS) medium 
(PlantMedia, Dublin, OH) containing 2% sucrose solidified with 0.8% phyto agar (RPI Corp, Beacon 
Falls, CT), or in Metro-Mix 200 soil mixture (Sun Gro Horticulture, Bellevue, WA) in a growth 
chamber (16h-light/8h-dark) at 23°C. A. thaliana ecotype C24 was used as the wild-type for 
overexpression of Hs-CBP while ecotype Columbia-0 (Col-0) was used for over-expression of PME3. 
For phenotypic assays of overexpressing lines or knockout mutant lines, the corresponding wild-type 
was used for comparison.  
Plasmid construction and generation of transgenic A. thaliana plants 
The coding sequences of Hs-CBP with or without the nematode signal peptide (SP) sequence 
were amplified from the full-length cDNA clone (EU328302) with primers CBP(SP) Forward (5’-
TATAGGATCCATGAATTGGATGCATTATTGTTTAATC-3’) or CBP Forward (5’-
TATAGGATCCATGTCCACTATTAATTCGGTAACCGTAC-3’) and CBP Reverse (5’-
ATGATGAGCTCTAGGGCAATTAGCTTAATTGGGTAGG-3’), which contained BamHI or SacI 
restriction sites (underlined) for directional cloning. PCR amplification was performed using the 
Expand High Fidelity plus PCR System (Roche, Indianapolis, IN) according to the manufacturer’s 
instructions. PCR products were digested by BamHI and Sac I, gel-purified, ligated into the binary 
vector pBI121. Cloned products were verified by sequencing. The coding region of PME3 was 
amplified from A. thaliana cDNA as described above using gene-specific primers designed to create 
the XbaI and XhoI restriction sites in the forward and reverse primers, respectively. The primer 
sequences used were PME Forward 5’-CTCTAGAATGGCACCATCAATGAAAGAAATT-3’ and 
PME Reverse 5’-CCTCGAGTCAAAGACCGAGCGAGAAGGG-3’ (restriction sites are 
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underlined). The amplified products were digested by XbaI and XhoI, gel purified, ligated into XbaI- 
XhoI restriction sites of the binary vector pBI121, transformed and confirmed by sequencing. 
Agrobacterium tumefacienes strain C58 was transformed with the binary plasmids by the freeze-thaw 
method (An et al., 1988) and used to transform A. thaliana wild-type C24, Columbia-0 or pme3 
knockout mutant plants as described by Clough and Bent (1998). Transformed T1 plants were 
screened on MS medium containing 50mg/l kanamycin to select for transgenic plants. Homozygous 
T3 seeds were collected from T2 lines after segregation analysis on kanamycin-containing medium. 
Root length measurements  
Seeds were surface-sterilized and transferred to Nunc 4 well Polystyrene Rectangular Dishes 
(Thermo Fisher Scientific, Waltham, MA) containing MS medium. Plates were incubated in a vertical 
position in a growth chamber at 23°C under 16h-light/8h-dark conditions. At the time of 
measurement, the root length of at least 10 plants per treatment was measured as the distance between 
the crown and the tip of the main root in three independent experiments. Statistically significant 
differences between lines were determined by unadjusted paired t-test (P < 0.01). 
Nematode infection assay 
Transgenic A. thaliana seeds (T3 generation) as well as wild-type controls (Col -0 and C24) 
were surface-sterilized and planted in a random block design in 12-well Falcon culture plates (BD 
Biosciences, San Jose, CA) containing modified Knop’s medium (Sijmons et al., 1991) solidified 
with 0.8% Daishin agar (Brunschwig Chemie, Amsterdam, Netherlands). Plants were grown at 24°C 
under 16h-light/8h-dark conditions. Two-week-old seedlings were inoculated with approximately 250 
surface-sterilized J2 H. schachtii or M. incognita nematodes as previously described by Baum et al. 
(2000). Inoculated plants were maintained under the conditions described above for an additional two 
weeks before the number of H. schachtii J4 females were counted. In the case of M. incognita, the 
number of J4 females was counted four weeks after inoculation. 
Nematode penetration assay 
The penetration rate of H. schachtii second-stage juveniles was studied in lines 21-9 and 
BV2-26-3 and compared to wild-type A. thaliana C24. The three lines were planted in a random-
block design on modified Knop’s medium in 12-well culture plates as described above. At ten days, 
each plant was inoculated with 150 surface-sterilized J2 of H. schachtii, and the plates placed back in 
the incubator for 4 additional days. Then, each well was stained for the presence of penetrating 
nematodes using a modified version of the protocol from Grundler et al. (1991). In short, nematodes 
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were stained by adding 1 ml of fixation/staining solution (500 ml acetic acid, 500 ml 96% ethanol, 17 
mg acid fuchsin) and incubated at room temperature for 24 hours. Each well was then rinsed with 
water and 1 ml of destaining solution (600 ml water, 200 ml glycerine, 200 ml lactic acid) was added. 
The number of penetrating nematodes in each root system was counted by observing the root systems 
under brightfield illumination at 200x using a Zeiss Axiovert 100 microscope (Zeiss, Jena, Germany). 
Each plant line was replicated eighteen times, and two independent experiments were conducted. 
Average numbers of penetrating nematodes were calculated and statistically significant differences 
were determined in a modified t-test by using the statistical software package SAS. 
Syncytial measurements 
Syncytial measurements were taken twenty four days after inoculation of H. schachtii onto 
the three subject lines. For each line, ten single-female syncytia were randomly selected and 
photographed on a Zeiss Stemi SV11 dissecting microscope (Zeiss, Jena, Germany) using a Zeiss 
AxioCam MRc5 digital camera. The digital files were then processed using Zeiss’ Axiovision 
software (Release 4.4). For each photographed syncytium, the image was processed with the 
Axiovision measure tool and calibrated against the correct scaling of the original image from the 
Stemi SV11. The measurements were aided by the use of a Wacom Intuos 3 9x12 drawing tablet 
(Wacom Technology Corporation, Vancouver, WA). Using the tablet, the syncytial cells were 
outlined, and total area for the syncytium was calculated as square millimeters. The individual 
measurements for the syncytium of each line were used to calculate an average syncytial size for each 
line tested using the statistical software package SAS. Significance of size differences between lines 
was determined via a modified t-test in SAS (P < 0.05). 
RNA isolation and quantitative real-time RT-PCR 
Total RNA was extracted from 100 mg frozen ground plant tissues using the RNeasy Plant 
Mini Kit (Qiagen, Valencia, CA) or from 50 mg nematode tissues using VersageneTM RNA Tissue 
Kit (Gentra Systems, Minneapolis, MN) following the manufacturer’s instructions. DNase treatment 
of total RNA was performed using Deoxyribonuclease I (Invitrogen, Carlsbad, CA). Gene-specific 
primers to Hs-CBP, PME3, H. schachtii actin (AY443352) and A. thaliana actin (AT1G49240) were 
designed. For real-time RT-PCR in H. schachtii, 10 ng of DNase-treated RNA were used for cDNA 
synthesis and PCR amplification using one-step RT-PCR kit (Bio-Rad, Hercules, CA) according to 
the manufacturer’s protocol. The PCR reactions were run in an I Cycler (Bio-Rad) using the 
following program: 50°C for 10 min, 95°C for 5 min and 40 cycles of 95°C for 30 s and 60°C for 30 
s. Following PCR amplification, the reactions were subjected to a temperature ramp to create the 
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dissociation curve, determined as changes in fluorescence measurements as a function of temperature, 
by which the non-specific products can be detected. The dissociation program was 95°C for 1 min, 
55°C for 10 s followed by a slow ramp from 55°C to 95°C. For real-time RT-PCR in A. thaliana, 
first-strand cDNA was synthesized from DNase-treated RNA using Advantage RT-for-PCR Kit 
(Clontech, Mountain View, CA) according to the manufacturer’s instructions. The synthesized 
cDNAs then were diluted to a concentration equivalent to 10 ng total RNA/ul and used as a template 
in real-time RT-PCR reactions using the two-step RT-PCR kit (Bio-Rad) according to manufacturer’s 
protocol. In all cases, at least three independent experiments each with three technical replicates of 
each reaction were performed. A. thaliana and nematode actin, as constitutively expressed genes, 
were used as internal controls to normalize gene expression levels. Quantification of the relative 
changes in gene expression was performed using the 2-∆∆CT method as described by Livak and 
Schmittgen (2001). 
Subcellular localization 
The Hs-CBP and PME3 coding sequences with and without signal peptide-encoding regions 
were amplified using gene-specific primer pairs containing restriction enzyme sites. The resulting 
amplified fragments were cloned into the respective sites in the pRJG23 vector (Grebenok et al., 
1997) before the start codon of the green fluorescent protein (GFP) fused into the β-glucuronidase 
(GUS) reporter gene and under the control of double CaMV 35S promoter. All constructs were 
confirmed by DNA sequencing. These constructs were delivered into onion epidermal cells by 
biolistic bombardment as described by Elling et al. (2007b). After bombardment, epidermal peels 
were incubated for 24 h in the dark. Plasmolysis of onion epidermal cells was achieved by socking 
the cells in 1 M sucrose solution for 15 min. The subcellular localization of the fused proteins was 
visualized using a Zeiss Axiovert 100 microscope. The transient transformation experiments were 
repeated at least three times independently. 
Yeast two-hybrid assays  
A yeast two-hybrid screening was carried out as described in the BD MatchmakerTM Library 
Construction & Screening Kits (Clontech, Mountain View, CA). The complete coding sequence of 
CBP was fused to the GAL4 DNA-binding domain (BD) of pGBKT7 to generate pGBKT7-CBP and 
then introduced into Saccharomyces cerevisiae strain Y187 to generate the bait strain. Three A. 
thaliana cDNA libraries from roots of ecotype C24 at 3, 7 and 10 days after H. schachtii infection 
were generated in S. cerevisiae strain AH109, as fusion to the GAL4 activation domain (AD) of 
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pGADT7-Rec2 vector. Screening for interacting proteins and subsequent analyses were performed as 
described in Clontech protocols.  
Bimolecular fluorescent complementation analysis of Hs-CBP and PME3 
The CBP cDNA without signal peptide was PCR-amplified using forward primer (5’-TATA 
GAATTCATCCACTATTAATTCGGTAACCGTAC-3’) and reverse primer (5’- 
ATGATTCTAGATCATTTTTTGCATTGTTTGCTGGTTGGA-3’) containing EcoRI and XbaI 
restriction sites (underlined), respectively, and cloned into EcoRI-XbaI sites of pSAT4-nEYFP-C1 to 
generate pSAT4-nEYFP-CBP. Meanwhile, the full length PME3 cDNA without signal peptide was 
PCR-amplified using forward primer (5’-TATA GAATTCAATCTCTGCCGGAGCTTCAAAAGCC-
3’) and reverse primer (5’-ATGAT TCTAGATCAAAGACCGAGCGAGAAGGGGAAACCG-3’) 
containing EcoRI and XbaI restriction sites (underlined), respectively, and cloned into EcoRI-XbaI 
sites of pSAT4-cEYFP-C1(B) to generate pSAT4-cEYFP-PME3. Both plasmids were confirmed by 
sequencing. For co-expression, particle bombardment was performed using onion epidermal cells. 
Gold particles (1.6 µm diameter) (Bio-Rad) were washed with 100% ethanol and coated with 1.5 µg 
of each DNA using standard procedures. cDNA-coated gold particles were bombarded at 1100psi and 
9 cm distance using a Biolistic Particle Delivery System PDS-1000/He (Bio-Rad). Bombarded tissues 
were incubated at 25ºC in darkness for about 24h before being assayed for YFP activity. The bright-
field and fluorescent images were taken using Zeiss Axiovert 100 microscope with appropriate YFP 
filter. 
PME activity 
The PME-containing protein fractions were extracted from root tissues using a high-salt 
buffer as described by Ren and Kermode (2000). The root tissues of 5 d-old Arabidopsis plants were 
collected and fully ground in liquid nitrogen and then homogenized with 200 µl PME extraction 
buffer (0.1 M citrate acid, 0.2 M Na2HPO4, and 1 M NaCl, pH 5.0). The homogenized materials 
were incubated on ice for 1 h, during which they were mixed three times at 20 min intervals, and 
finally centrifuged for 10 min at 14,000 rpm at 4ºC. The supernatant was collected and the crude 
protein content was quantified using a Pierce BCA-200 Protein Assay Kit (Pierce, Rockford, IL) 
following the manufacturer’s instructions. PME activity was assayed according to the method 
described by Richard et al. (1994). Two micrograms of protein samples were added to 4 ml of 
substrate solution containing 0.5% citrus pectin (Sigma), 0.2 M NaCL, 0.002% methyl red, pH 6.8 for 
1 h at 37ºC. Pectin de-esterification decreases the pH and thus changing the color from yellow to red. 
The color change was measured using a spectrophotometer (UV-Vis Spectrophotometer, Cary 50 
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Bio) as OD at 525nm. A calibration curve was obtained by adding 5–30 µl 0.01 M HCl to 4-ml 
substrate solution and measuring the respective OD values at 525 nm. PME activity of different 
samples (nmol H+/min/mg protein) was obtained according to the calibration curve. 
In situ hybridization 
Specific forward and reverse primers for the Hs-CBP cDNA clone were used to synthesize a 
digoxigenin (DIG)-labeled sense and antisense cDNA probes (Roche, Indianapolis, IN) by PCR. In 
situ hybridizations were performed using mixed parasitic stages of H. schachtii as described by De 
Boer et al. (1998). Hybridization signals within the nematodes were detected with alkaline 
phosphatase-conjugated anti-DIG antibody and substrate, and specimens were observed with a Zeiss 
Axiovert 100 inverted light microscope.  
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Figure 1. Characterization of Hs CBP. 
(A) and (B) Expression of Hs CBP in Arabidopsis increases root length. Homozygous T3 lines 
expressing either Hs CBP with (A) or without (B) signal peptide exhibited significantly longer root 
systems ranging from 21.68 mm 6 0.91 mm to 33.09 mm 6 2.03 mm in the transgenic lines 
expressing CBP with signal peptide and 26.67 mm 6 1.57 mm to 33.88 mm 6 0.82 mm in the 
transgenic lines expressing CBP without signal peptide compared with wild-type C24 (16.71 mm 6 
0.97 mm) at 10 d after planting as determined by unadjusted paired t tests (P < 0.01). This 
observation was true with all six homozygous T3 lines tested. (C) Subcellular localization of Hs CBP. 
Hs CBP cDNA with or without signal peptide-coding sequence was fused to the GFP and GUS 
reporter genes and expressed in onion epidermal cells. After plasmolysis, GFP fluorescence was 
retained inside the protoplast in both cases. (D) Transgenic Arabidopsis plants expressing Hs CBP 
showed enhanced susceptibility to H. schachti. Homozygous T3 lines expressing either Hs CBP with 
(lines 2-4, 21-9, and 30-6) or without (lines 12-10, 26-3, and 28-7) the native signal peptide were  
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Figure 1 (continued) 
planted on modified Knop’s medium, and 2-weekold seedlings were inoculated with ;250 surface-
sterilized J2 H. schachtii nematodes. Two weeks after inoculation, the number of J4 female 
nematodes per root system was determined. Data are presented as the mean 6 SE. Mean values 
significantly different from the wild type are denoted by an asterisk as determined by unadjusted 
paired t tests (P < 0.05). Identical results were obtained from at least two independent experiments. 
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Figure 2. Hs CBP Reproducibly Interacts with PME3. 
(A) a-Gal quantitative assays of the CBP/PME3 interaction. Yeast strain AH109 was cotransformed 
with the prey plasmid in combination with either theCBP bait vector, GBKT7-lam (expressing lamin 
C as a GAL-4 DNA-BD fusion), or the empty pGBKT7 bait vector and plated on SD/-Leu/-Trp. 
Three days after culture, 10 separate colonies per combination were picked to quantify the interaction 
using a-Gal activity. Activity was seen only in yeast cells containing the PME3 prey plasmid and the 
CBP bait vector. The experiment was repeated four times with identical results. 
(B) BiFC visualization of the CBP/PME3 interaction. Onion epidermal cells were cobombarded with 
constructs expressing the nEYFP-CBP and cEYFPPME3 and bright-field, YFP and overlay of bright 
field, and YFP images were taken 20 h after bombardment. 
(C) Mapping the CBP domain involved in the interaction with PME3. Yeast strain AH109 
cotransformed with prey plasmid and the different bait constructs indicated in the scheme were 
streaked on SD/-Leu/-Trp, and 3 d after culture, 10 separate colonies per construct were picked to 
quantify a-galactosidase activity. The assays were repeated three times with identical results. 
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Figure 3. Characterization of Arabidopsis PME3. 
(A) Subcellular localization of PME3. PME3 cDNA with or without signal peptide-coding sequence 
was fused to GFP and GUS reporter proteins and expressed in onion epidermal cells. After 
plasmolysis, GFP signal was detected both in the cell wall and the cytoplasm of the transformed cells 
expressing whole PME3 (top panel). In contrast, onion cells expressing PME3 without signal peptide, 
the GFP signal was detected only in the cytoplasm (bottom panel).  
(B) Up-regulation of PME3 in response to H. schachtii infection. The mRNA expression level of 
PME3 was measured by quantitative real-time RT-PCR in wild-type (C24) root and shoot tissues. 
Infected and non-infected tissues were collected at 3, 8 and 13 days post inoculation. The fold-change 
values were calculated using the 2−∆∆CT method and represent changes of mRNA abundance in 
infected tissues relative to non-infected controls. Data are the average of three independent biological  
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Figure 3 (continued)  
experiments, each consisting of four technical replicates. Mean values significantly different from 1.0 
(no change) are indicated by * as determined by paired t-tests (P < 0.01).  
(C and D) Transgenic A. thaliana plants overexpressing PME3are altered in morphology. 
Homozygous T3 lines over-expressing PME3 displayed longer roots (C) and taller shoots (D) than the 
wild-type (Col-0).  
(E) Transgenic A. thaliana plants over-expressing PME3 revealed increased susceptibility to H. 
schachtii. Homozygous T3 lines over-expressing PME3 (lines 3-4, 4-1 and 8-11) were planted on 
modified Knop’s medium, and two-week-old seedlings were inoculated with approximately 250 
surface sterilized J2 H. schachtii nematodes. Two weeks post inoculation, the number of J4 female 
nematodes was determined. Data are presented as the mean ± the standard error. Mean values 
significantly different from the wild-type (Col-0) as determined by unadjusted paired t-tests (P<0.05) 
are denoted by *. Identical results were obtained from at least two independent experiments. 
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Figure 4: The pme3 knockout mutant is altered in root length and susceptibility to H. schachtii. 
(A) PME3 mRNA accumulation in the pme3 mutant: PME3 mRNA level was determined by 
quantitative real-time RT-PCR using gene specific primers. The real-time RT-PCR products were 
resolved on syber safe-stained 2% agarose gels. No PCR products were detected after 40 cycles of 
amplification of cDNA from homozygous mutant plants (lanes 1-3) whereas specific amplifications 
were detected after amplification of cDNA from either heterozygous (lane 4) or wild-type (Col-0) 
plants (lane 5). 
(B) The pme3 knockout mutant develops shorter roots than the wild-type (Col-0): Homozygous plants 
were planted on modified Knop’s medium with the wild-type (Col-0), and root lengths were 
measured 15 days after planting. Differences between pme3 and wild type were statistically 
significant as determined by unadjusted paired t-tests (P<0.01).  
(C) The pme3 knockout mutant is less susceptible to H. schachtii than the wild-type (Col-0): pme3 
knockout mutant (homozygous and heterozygous) and wild-type (Col-0) plants were planted on 
modified Knop’s medium, and two-week-old seedlings were inoculated with approximately 250 
surface sterilized J2 H. schachtii. Two weeks post inoculation, the number of J4 female nematodes 
was counted. Data are presented as the mean ± the standard error. Mean values significantly different 
from that of the wild-type as determined by unadjusted paired t-tests (P<0.05) are denoted by *. 
Identical results were obtained from at least four independent experiments. 
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Figure 5: Root-knot nematode susceptibility is not altered in PME3-overexpressing lines and 
the pme3 knockout mutant. 
Homozygous T3 lines over-expressing PME3 (lines 3-4, 4-1 and 8-11) or the pme3 knockout mutant 
(CS-857169) as well as wild-type (Col-0) plants planted on modified Knop’s medium, and two-week-
old seedlings were inoculated with approximately 250 surface sterilized J2 Meloidogyne incognita. 
Four weeks post inoculation, the numbers of adult egg-laying female nematodes were counted. No 
statistically significant differences between the tested lines and the wild-type control were detected. 
Data are presented as the mean ± the standard error. Identical results were obtained from two 
independent experiments.  
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Figure 6: Expression of Hs-CBP in the pme3 knockout mutant.  
pme3 knockout mutant plants expressing Hs-CBP with or without signal peptide exhibited 
significantly longer root systems when compared to the pme3 knockout mutant at 14 days after 
planting (A) and non-significant increases of H. schachtii susceptibility (B) as determined by 
unadjusted paired t-tests (P < 0.05).  
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Table 1. PME activity in transgenic plants overexpressing Hs-CBP or PME3 and in the pme3 
knockout mutant. 
Line 
PME Activity 
(nmol H+/min/mg protein) % P value 
C24 341.3 ± 3.6 100  
CBP overexpressing line (2-4) 367.7 ± 3.9 108 0.019 
Col-0 371.8 ± 1.9 100  
pme3 knockout mutant 317.1 ± 6.0 85 0.049 
PME3 overexpressing line (3-4) 964.0 ± 7.6 259 0.00001 
PME activity was measured in roots of 5 d-old plants. Data are presented as the mean ± the standard 
error. Mean values significantly different from the wild-type controls were determined by paired t-
tests (P<0.05). 
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CHAPTER 4. ARABIDOPSIS SPERMIDINE SYNTHASE IS TARGETED  
BY AN EFFECTOR PROTEIN OF THE CYST NEMATODE  
HETERODERA SCHACHTII 
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Tarek Hewezi, Peter Howe, Tom R. Maier, Richard S. Hussey, Melissa Goellner Mitchum, Eric L. 
Davis and Thomas J. Baum 
ABSTRACT 
The 10A06 protein is a putative cytoplasmic cyst nematode effector that is specifically 
produced in the dorsal esophageal glands during early parasitic stages. A homologue of the 
uncharacterized soybean cyst nematode (Heterodera glycines) 10A06 gene was cloned from the sugar 
beet cyst nematode (H. schachtii), which is able to infect Arabidopsis thaliana. Constitutive 
expression of 10A06 in Arabidopsis affected plant phenotype and increased susceptibility to H. 
schachtii and to other plant pathogens. This increased susceptibility seems to be associated with 
repression of salicylic acid signaling. Using yeast two-hybrid assays, we identified spermidine 
synthase 2 (SPDS2), a key enzyme involved in polyamine biosynthesis, as a specific 10A06 
interactor. Transgenic plants expressing 10A06 exhibited elevated SPDS2 mRNA abundance, 
contained significantly higher spermidine (Spd) content and increased polyamine oxidase (PAO) 
activity than wild-type plants. Also, the SPDS2 promoter was strongly activated in the nematode-
induced feeding structures. While spds2 knockout mutants showed no effect on nematode 
susceptibility, transgenic plants overexpressing SPDS2 showed enhanced plant susceptibility. In 
addition, overexpression of 10A06 or SPDS2 stimulated the expression of a set of antioxidant genes 
upon nematode infection. Finally, cyst nematode infection induced polyamine biosynthetic gene 
expression. Taken together, our data demonstrate that 10A06 exerts its function through the 
interaction with SPDS2, increasing Spd content and subsequently PAO activity. Increasing PAO 
activity results in stimulating the induction of antioxidant machinery gene expression in the nematode 
feeding cells. Most likely, increased antioxidant protection is a key aspect of 10A06 function in 
addition to other physiological and morphological changes caused by polyamines. 
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INTRODUCTION 
Sedentary plant-parasitic nematodes are obligate biotrophs that meet their nutritional 
requirements solely from modified - but living - root cells of their host plants. The most economically 
important plant-parasitic nematodes are the sedentary endoparasitic root-knot nematodes 
(Meloidogyne spp.) and cyst nematodes (Heterodera and Globodera spp.). The soybean cyst 
nematode (Heterodera glycines) and the closely related sugar beet cyst nematode (Heterodera 
schachtii) are of particular importance in US agriculture.  
Cyst nematode infection involves the penetration of second-stage juveniles (J2) into host 
roots followed by intracellular migration to the vasculature where the nematodes initiate specialized 
feeding structures called syncytia (Jones, 1981). Feeding site initiation and formation is characterized 
by complex morphological and physiological changes of the parasitized plant root cells. This process 
includes endoreduplication, cell wall-modification and -dissolution leading to cell fusion, 
disappearance of large vacuoles, increased numbers of organelles and metabolic activity. In addition, 
these parasites must deploy counter measures to defeat or evade plant defense responses that would 
otherwise jeopardize successful syncytium formation and function. The infection process is 
accompanied by an extensive alteration of gene expression in parasitized plant cells and roots. Host 
genes related to defense responses, primary metabolic pathways, cell wall modification, transport 
activities, signal transduction and transcription activity, the cell cycle, and hormone responses have 
been identified as differentially expressed in response to cyst nematode infection (Gheysen and 
Mitchum, 2009; Puthoff et al., 2003; Alkharouf et al., 2006; Ithal et al., 2007; Szakasits et al., 2009). 
Although these findings provide insights into the biological changes occurring during syncytium 
development, the molecular mechanisms safeguarding the redifferentiation of these plant cells into 
the complex feeding sites remain unclear. 
A growing body of evidence shows that secreted proteins encoded by nematode parasitism 
genes act as effector molecules and play the central role in initiation and formation of the feeding 
sites (Wang et al, 2005, Huang et al., 2006a,b, Hewezi et al., 2008). These nematode effectors are the 
secreted protein products of parasitism genes expressed uniquely in the nematodes’ esophageal glands 
and directed for secretion into parasitized plant cells and tissues through the stylet, a hollow 
mouthspear. The esophageal glands are comprised of three large secretory cells (one dorsal and two 
subventral) that are connected through valves to the esophageal lumen, and thus the stylet. Changes in 
the content, morphology, and activity of the secretory gland cells are evident during parasitic stages 
(Davis et al., 2004). Identification of nematode effectors has been facilitated through the mining of 
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cDNA libraries prepared from microaspirated esophageal gland cytoplasm of different parasitic stages 
(for review see Davis et al., 2008). Candidate nematode effector proteins have been identified from 
the gland cDNA sequences through the application of different criteria including the presence of an 
N-terminal signal peptide for secretion and the absence of transmembrane domain motifs in these 
protein sequences, along with the specific expression in the nematode esophageal gland cells. A 
subset of these nematode proteins has been shown to be secreted using immunolocalization 
technologies. This includes, for example, cellulose binding protein (Ding et al., 1998), pectate lyases 
(Doyle and Lambert, 2002), chorismate mutase (Doyle and Lambert, 2003), and calreticulin (Jaubert 
et al., 2005) from root-knot nematodes and cellulases (Wang et al., 1999) and SPRY domain-
containing proteins (Rehman et al., 2009) from cyst nematodes. In addition, expression in the host 
plants of several effector genes identified by this approach, affected plant phenotypes and nematode 
susceptibility (Wang et al., 2005; Doyle and Lambert 2003; Huang et al., 2006a; Hewezi et al., 2008) 
validating esophageal gland effector protein involvement in plant parasitism. 
More than fifty effector cDNAs have been identified from H. glycines (Gao et al., 2003). The 
majority of the corresponding proteins are novel and their putative functions cannot be assigned due 
to the absence of significant sequence similarities to known proteins in sequence databases. Similarity 
to functionally characterized proteins in other organisms has been identified in only few cases and is 
more often with proteins from bacteria, fungi and plants, than with proteins from the non-parasitic 
model nematode Caenorhabditis elegans (Baum et al., 2007). This again supports a function for these 
effectors in the parasitized plant cells and not in the nematode itself. Sequence similarity of a small 
set of effectors with proteins of known functions implicated these effector proteins in the softening of 
root cell walls, modification of metabolic pathways, regulation of gene expression via protein 
degradation, regulation of the cell cycle, inhibiting plant defense, and signaling pathway modification 
(Davis et al., 2004; Baum et al., 2007). Subcellular localization prediction of cyst nematode effector 
proteins suggested nuclear or cytoplasmic localizations (Gao et al., 2003) and some of these 
subcellular localizations have been confirmed experimentally (Elling et al., 2007; Hewezi et al. 2008). 
A few of these proteins are targeted to the host nucleus and may act in regulation of the transcription 
machinery of the parasitized host cells, while others accumulate in the cytoplasm and most likely 
interact with specific cytoplasmic host proteins. In plant-nematode interactions, evidence for 
intermolecular interaction between nematode effector proteins and host proteins has been reported in 
only three cases (Huang et al., 2006a; Hewezi et al., 2008; Rehman et al., 2009). These direct 
interactions demonstrate that nematode effectors can modulate signal-transduction pathways (Huang 
et al., 2006a), cell wall characteristics (Hewezi et al., 2008) and resistance protein signaling in their 
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host plants (Rehman et al., 2009). These examples show that the identification and functional 
characterization of host target proteins is a very powerful first step towards elucidating the 
mechanism by which nematode effectors mediate plant susceptibility.  
Here, we report the functional characterization of a cyst nematode effector protein, during 
which we identified the triamine spermidine (Spd) as a novel and potent determinant of cyst 
nematode parasitism success. We uncovered that the 10A06 nematode protein acts as a cytoplasmic 
effector that directly targets spermidine synthase 2. We show that plant Spd levels are altered as a 
function of 10A06 and conclude that morphological and physiological polyamine effects likely are 
conducive to cyst nematode parasitism. For example, our data show that through the function of the 
cyst nematode effector in question, polyamine metabolism and signaling provide a protective 
antioxidant function to the syncytium. As a result of our study, we have uncovered a new plant 
pathogen effector mode of action and expanded the known functions of polyamines. 
RESULTS 
Identifying the 10A06 H. schachtii ortholog 
The 10A06 cDNA was originally identified from a gland cell cDNA library from H. glycines, 
the soybean cyst nematode (Gao et al., 2003). In order to use the Arabidopsis model plant to 
investigate the compatible interaction between the nematode and its host species, the 10A06 cDNA 
was identified from the sugar beet cyst nematode (H. schachtii) which can parasitize Arabidopsis. 
DNA gel blot analysis showed that 10A06-type sequences in H. schachtii form a small gene family 
comprised of at least three members (Fig. 1A). Using forward and reverse primers located in the 
untranslated regions of the H. glycines 10A06 cDNA, we amplified H. schachtii cDNA pools and 
cloned the amplification product. Sequence analysis of these 10A06 cDNA clones revealed the 
presence of three different isoforms (GQ373256, GQ373257 and GQ373258) that differed in only 
four nucleotides (Supplemental Fig. S1A). At the protein level, these three isoforms differed by only 
two amino acids (Supplemental Fig. S1B). Sequence alignment of H. glycines and H. schachtii 
10A06 proteins revealed the H. schachtii sequence most similar to that of H. glycines, which showed 
87% similarity and 86% identity (Supplemental Fig. S2). Given our current data, we consider this H. 
schachtii clone to be orthologous to the previously reported H. glycines 10A06 sequence and, 
therefore, conducted our characterization work using this clone (GQ373256). The H. schachtii 10A06 
contained an open reading frame of 858 nucleotides encoding a 285 amino acid protein with an N-
terminal signal peptide of 17 amino acids for secretion. The protein domain analysis program 
SMART (http://smart.embl-heidelberg.de) predicted a region of 40 amino acids located between 
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amino acid 170 and 209 with weak similarity to the RING finger domain (SM00184, E value 2.53e-
06). However, this domain similarity per se is not high enough to deduce 10A06 function. Scanning 
the entire GenBank databases including the recently published root-knot nematode Meloidogyne 
incognita and M. hapla genomes (Abad et al., 2008; Opperman et al., 2008) revealed a strong identity 
(98%) between the N-terminal amino acids (1-97) of 10A06 and the putative gland protein G8H07 
(Accession number AAP30763) from H. glycines and absence of homologous sequences from any 
other organism, suggesting that 10A06 forms a cyst nematode-specific gene family.  
Nematode effector genes are developmentally regulated with altering mRNA abundances 
throughout the parasitic stages. The developmental expression dynamics of 10A06 in six H. schachtii 
life stages was assessed using quantitative real-time RT-PCR (qPCR). 10A06 mRNA expression was 
highest in the parasitic second-stage (J2) and third-stage (J3) juveniles (Fig. 1B), which suggests a 
function of 10A06 during the early stages of syncytium formation. Since gland-specific expression is 
one of the main characteristics of nematode effectors, in situ mRNA hybridization was used to 
localize 10A06 transcripts in different H. schachtii life stages. The digoxigenin-labeled antisense 
cDNA probes of 10A06 hybridized uniquely with transcripts accumulating in the dorsal esophageal 
gland cell of H. schachtii (Fig. 1C), the same localization pattern as reported for H. glycines (Gao et 
al., 2003).  
Subcellular localization of 10A06 in plant cells 
Nematode effector proteins are delivered into the host cell through the nematode stylet. The 
subcellular localization of 10A06 inside plant cells was analyzed by generating a construct that fused 
the mature 10A06 sequence (without signal peptide) to joined green fluorescent protein (GFP) and β-
glucuronidase (GUS) reporter genes (10A06:GFP:GUS) under the control of a double CaMV 35S 
promoter. This construct was delivered into onion epidermal cells by biolistic bombardment. As 
shown by the narrow GFP-positive ring of cytoplasm along the cell perimeter and around the cell 
nucleus (Fig. 1D), the 10A06:GFP:GUS fusion protein is localized inside the plant cell cytoplasm, 
suggesting that 10A06 acts as cytoplasmic effector.  
Expression of 10A06 in Arabidopsis affects plant phenotype and increases susceptibility to H. 
schachtii  
Expression of candidate nematode effector genes in plant tissues can provide a direct 
indication of effector function. Therefore, we constitutively expressed the 10A06 cDNA without 
signal peptide in Arabidopsis driven by the CaMV 35S promoter. Three independent homozygous T3 
lines (lines 2-7, 5-7 and 12-12) that showed elevated 10A06 mRNA levels (Supplemental Fig. S3) 
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were phenotypically investigated. All transgenic lines developed higher numbers of leaves than wild-
type plants (Fig. 2A). At flowering, the average total leaf number per plant for the transgenic lines 
ranged from 24.0 ± 0.82 to 29.0 ± 1.69, whereas on wild-type plants the average leaf number was 
16.6 ± 0.58. Expression of 10A06 also produced plants with significantly increased root lengths 
ranging from 47.15 mm ± 1.21 to 50.20 mm ± 1.35 compared to 39.26 mm ± 1.34 of the wild-type 
control at 10 days after planting (Fig. 2B), equaling a 20% to 28% increase in root length. In addition, 
the transgenic lines were found to flower approximately 3 days earlier than the wild-type plants. 
These transgenic lines were subjected to cyst nematode susceptibility assays. Ten day-old plants were 
inoculated with second-stage juveniles of H. schachtii, and the number of adult females was counted 
3 weeks post inoculation for both the transgenic and wild-type lines. A clear effect of transgene 
expression on nematode susceptibility was observed. All three transgenic lines were dramatically 
more susceptible than the wild-type control as evidenced by the statistically significant higher number 
of adult females (Fig. 2C). This increased susceptibility of more than 80% cannot be explained by the 
approximately 20-28% longer roots and, therefore, suggests a key role of the 10A06 effector in 
increasing Arabidopsis susceptibility to the cyst nematode.  
10A06 enhances susceptibility to multiple pathogens 
In order to further explore the mechanism of this increased nematode susceptibility, we 
investigated whether 10A06 also modulated plant susceptibility to other pathogens. Two independent 
10A06-expressing homozygous T3 lines (lines 2-7 and 12-12) were inoculated with Pseudomonas 
syringae pv. tomato (Pst DC3000) or the yellow strain of Cucumber mosaic virus (CMVY). Three 
days following bacteria inoculation, the number of bacteria was determined. Growth of Pst DC3000 
on the transgenic plants was significantly increased relative to that of the wild-type C24 (Fig. 2D). 
Likewise, 5 days post inoculation of the transgenic plants with CMVY, RNA was isolated from 
leaves and qPCR was used to quantify the accumulation of viral RNA. A significant increase of viral 
RNA accumulation in the transgenic lines was detected relative to the wild type (Fig. 2E). Taken 
together, these data demonstrate that expression of 10A06 in Arabidopsis alters plant susceptibility to 
various pathogens.  
Increased susceptibility of 10A06-expressing plants is associated with repression of salicylic acid 
signaling 
To evaluate the contribution of salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) 
toward the increased susceptibility of 10A06-expressing plants, we assayed the expression of 
different pathogenesis-related (PR) genes. PR-1, PR-2, and PR-5, whose induction are used as 
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molecular markers for the activation of the SA signaling pathway, were analyzed in the transgenic 
plants expressing 10A06 relative to wild-type control under both infected and non-infected 
conditions. Also, we assayed the expression of PR-3 and PR-4, whose expressions are consistently 
regulated by JA and PDF1.2, whose activation occurs via JA/ET-mediated signaling pathway. While 
under non-infected conditions only PR-1 showed significant downregulation in transgenic plants 
expressing 10A06 relative to wild type, under infected conditions PR-1, PR-2 and PR-5 showed clear 
downregulation with PR-1 being the most responsive gene (Figure 3). In contrast, 10A06 seems have 
only slight or no effect on the expression of PR-3, PR-4 and PDF1.2 under both infected and non-
infected conditions (Figure 3). These results suggest that the increased susceptibility of 10A06-
expressing plants to H. schachtii is associated with suppression of SA signaling and this repression is 
stimulated by nematode infection.  
10A06 specifically interacts with spermidine synthase 2 in a yeast two-hybrid assay 
Hypothesizing that 10A06 acts in concert with host plant proteins, we screened three yeast 
two-hybrid libraries prepared from Arabidopsis roots harvested at 3, 7 and 10 days after H. schachtii 
infection (Hewezi et al., 2008) using a full-length 10A06 (minus signal peptide)–GAL4 DNA-binding 
domain fusion as bait. More than 15 million yeast transformants were screened and only one clone 
was found to interact specifically and consistently with 10A06. This clone encoded the carboxyl-
terminal 243 amino acids of spermidine synthase 2 (SPDS2, At1g70310). SPDS2, a 340 amino acids 
protein, is a key enzyme of polyamine biosynthesis involved in the conversion of the diamine 
putrescine (Put) to the triamine Spd. This interaction was further confirmed by co-transformation and 
α-Gal quantitative assays, in which yeast AH109 cells were co-transformed with the SPDS2-GAL4 
transcriptional activation domain fusion together with either the empty GAL4 DNA-binding domain 
vector or the human Lamin C–GAL4 DNA-binding domain vector. The transformed yeast cells were 
unable to grow on SD/-Ade-His-Leu-Trp medium or activate the MEL 1 reporter gene which encodes 
α-galactosidase. In contrast, when yeast cells were co-transformed with SPDS2-GAL4 transcriptional 
activation domain fusion together with 10A06-GAL4 DNA-binding domain fusion, they were able to 
grow on SD/-Ade-His-Leu-Trp and activate the MEL 1 reporter gene to high levels in α-Gal 
quantitative assays (Fig. 4A and B). These experiments clearly showed that the interaction between 
10A06 and Arabidopsis SPDS2 is due to a specific binding between the two proteins. To confirm the 
10A06/SPDS2 interaction in planta, bimolecular fluorescent complementation (BiFC) assays 
(Citovsky et al., 2006) were carried out. Coding sequences of 10A06 without a signal peptide and full 
length SPDS2 were fused N-terminally to those of non-fluorescent halves of yellow fluorescent 
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protein (YFP) and co-expressed in onion epidermal cells. The interaction between 10A06 and SPDS2 
brought the two halves of YFP into proximity of each other and reconstituted the fluorescent YFP in 
the cytoplasm of transformed cells (Fig. 4C). Onion epidermal cells bombarded with single plasmids 
or in combination with empty vectors or in combination with an unrelated nematode gene yielded no 
YFP fluorescence. 
10A06 was further characterized in the yeast two-hybrid system by deletion analysis to 
identify the region(s) important for binding to SPDS2. Because the RING finger domain is known to 
be involved in protein-protein interaction, we first tested whether the 40 amino acid region with weak 
similarity to the RING finger domain in 10A06 itself is sufficient to interact with SPDS2. A bait 
construct of the full-length 10A06 lacking this region (Del l; Fig. 4D) and a construct of the 40 amino 
acid region itself (Del 2; Fig. 4D) were generated and their ability to interact with SPDS2 was 
assayed using α-Gal quantitative assay to measure the strength of the protein interactions. In both 
cases, the α-Gal activity was significantly reduced relative to that observed with the full-length 
10A06 indicating that the 40 amino acids region is essential but not sufficient to confer a high 
interaction with SPDS2. Bait constructs containing parts of this region along with flanking regions 
(Del 3 and Del 4; Fig. 4D) or the whole 40 amino acid region with the flanking regions (Del 5; Fig. 
4D) failed to give rise to positive interactions. Two additional bait constructs containing the whole 40 
amino acid sequences with flanking N-terminal region (Del 6; Fig. 4D) or C-terminal region (Del 7; 
Fig. 4D) were tested. α-Gal quantitative assays revealed that the C-terminal region can bind to 
SPDS2, but not as strong as the whole 10A06 (Fig. 4D). This finding suggests that the C-terminal 
region may have a role in mediating the interaction.  
Because the Arabidopsis genome contains two additional genes coding for SPDS proteins 
(Hanzawa et al., 2002), we assayed whether SPDS1 (AT1G23820), which shares the strongest 
sequence homology with SPDS2, also interacts with 10A06 in the yeast two-hybrid assay. The full-
length SPDS1 coding sequence was inserted into the prey vector and transformed into yeast cells in 
combination with the bait vector containing 10A06 or human Lamin C or the empty bait vector. The 
interactions in all cases were assayed by plating the transformed cells onto the appropriate medium 
and quantified by α-Gal activity produced by at least 10 colonies. Alpha-Gal quantitative assays 
revealed no activity of the MEL 1 reporter gene beyond the background level, indicating that the 
physical interaction between 10A06 and SPDS2 but not SPDS1 is highly specific (Supplemental Fig. 
S4).  
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SPDS2 accumulates in the plant cytoplasm and its transcript abundance is influenced by H. 
schachtii and 10A06 
Because 10A06 is localized to the cytoplasm, we needed to determine if SPDS2 also 
accumulates in the cytoplasm so it could interact with the nematode effector. These assays clearly 
showed a cytoplasmic accumulation of SPDS2 (Supplemental Fig. S5). To test whether the SPDS2 
mRNA level is modulated in response to H. schachtii infection, we used qPCR to examine SPDS2 
gene expression responses in nematode-infected wild-type plants. Root tissues were collected 3, 7 and 
14 days post inoculation (dpi) from infected and control plants and assayed for SPDS2 mRNA 
accumulation. Data obtained from three biological experiments revealed upregulation of SPDS2 at the 
3 and 7 dpi time points (Fig. 5A) and no difference in mRNA level between inoculated and control 
plants at the 14 dpi time point (data not shown). These expression profiles suggest a role of SPDS2 
during the initiation and development of syncytia, which coincides with the developmental expression 
profile of 10A06 in the nematode. To investigate whether the expression of SPDS2 is directly 
influenced by 10A06, as our Y2H and expression analyses suggest, we assayed SPDS2 mRNA 
abundance in one of the transgenic plant lines expressing 10A06 (line 12-12). In three independent 
experiments, the mRNA abundance of SPDS2 was higher in 10A06-expressing plants than in wild-
type plants, and this effect was evident with both infected (3 and 7 dpi time points) and non-infected 
plants (Fig. 5A). These data strongly suggest that a mechanism triggered by the 10A06-SPDS2 
protein-protein interaction, possibly a feedback loop, causes the observed SPDS2 mRNA steady state 
level changes. Similarly, because S-adenosyl-L-methionine decarboxylase (SAMDC) is a key rate-
limiting enzyme involved in the Spd biosynthesis we tested whether its mRNA expression level is 
affected in the transgenic plants expressing 10A06. Under non-infected conditions, the expression of 
SAMDC showed 8-fold increase in 10A06-expressing plants than in wild-type controls. However, 
under infected condition, this increase significantly declined to only 1.4 fold (Supplemental Fig. 
S6A). 
Transgenic plants expressing 10A06 contained significantly elevated Spd content and higher 
polyamine oxidase mRNA expression and activity than wild-type plants. 
As shown above, expression of 10A06 in Arabidopsis stimulated the expression of SPDS2 
under both infected and non-infected conditions. These data prompted us to determine whether in 
planta Spd content is affected by 10A06. We quantified free Spd levels in the transgenic plants 
expressing 10A06 (line 12-12) and wild-type plants under both infected (7 dpi) and non-infected 
conditions. In non-infected plants, Spd content were increased by 25% in the transgenic plants 
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expressing 10A06 relative to the wild type, although this increase was statistically non-significant 
(Fig. 5B). However, under infected conditions, a statistically highly significant Spd increase of 62% 
was detected in the transgenic plants expressing 10A06 compared to the infected wild-type control 
(Fig. 5B).  
Then we tested whether or not the increased Spd content in the transgenic plants expressing 
10A06 is associated with increased PAO expression level and activity. Because Arabidopsis genome 
contains five putative PAOs (Tavladoraki et al., 2006) with AtPAO2 being the most responsive 
member to H. schachtii infection (Szakasits et al., 2009) therefore we tested AtPAO2 mRNA 
abundance in 10A06-expressing plants both under infected and non-infected conditions relative to 
wild-type plants using qPCR. AtPAO2 showed higher expression level in the transgenic plants than in 
the wild-type controls under both infected and non-infected conditions (Supplemental Fig. S6B). 
Similarly, we measured the activity of PAO in 10A06-expressing plants both under infected and non-
infected conditions. No significant differences of PAO activity was detected between the transgenic 
plants and wild-type control under non-infected conditions (Fig. 5C). In contrast, under infected 
conditions a clear significant increase of PAO activity in the transgenic plants relative to wild type 
has been found (Fig. 5C). These data indicate that the increased Spd content in 10A06-expressing 
plants is connected to PAO activity.  
SPDS2 is highly expressed in the H. schachtii-induced feeding sites 
If in fact 10A06 and SPDS2 bind in planta when present in the same cell and if this 
interaction is the causal trigger for the observed SPDS2 mRNA increase, SPDS2 mRNA abundance 
should be increased in H. schachtii-induced syncytia. Because our qPCR analysis of SPDS2 gene 
expression reflects whole root responses rather than specific spatial activity, we generated multiple 
transgenic lines expressing a SPDS2 promoter:GUS construct, and the expression of the reporter gene 
was histochemically assayed in both non-infected and infected plants. In non-infected plants, GUS 
staining was infrequently detected in vascular leaf bundles (Fig. 6A). In roots, GUS expression also 
was confined to vascular cells with strong expression only in young roots but not in the root tip 
regions (Fig. 6B). As hypothesized, the SPDS2 promoter-GUS reporter gene showed a strong increase 
in GUS expression in the H. schachtii-induced feeding sites as early as 3 dpi (Fig. 6C). The observed 
expression increase prevailed through the 7 and 14 dpi sample times when GUS activity was very 
strongly elevated in the feeding sites (Fig. 6D and E). These data provide additional support for a 
10A06 – SPDS2 interactive role in cyst nematode parasitism.  
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Polyamine biosynthetic genes are differentially expressed in response to H. schachtii infection 
SPDS2 is a key enzyme of polyamine biosynthesis and its modulation through the nematode 
10A06 effector should have an effect on polyamine metabolism in general. Furthermore, because 
expression of polyamine biosynthetic genes is believed to be under feedback regulation by 
polyamines (Moschou et al., 2008a), it was of interest to test the expression profile of other key genes 
involved in polyamine biosynthesis in response to H. schachtii infection. The mRNA abundance of 
arginine decarboxylase genes ADC1 and ADC2, which are involved in the generation of the diamine 
Put from arginine, the spemidine synthase gene SPDS1, which is involved in the conversion of Put to 
the triamine Spd, the SAMDC, which acts as the propylamine group donor in the synthesis of the 
polyamines Spd and spermine (Spm) from Put, and the ACAULLS5 (ACL5) and spermine synthase 
(SPMS) genes, which are involved in the synthesis of the tetraamine Spm from Spd, were quantified 
by qPCR in root tissues of wild-type Arabidopsis seedlings at 3, 7 and 14 dpi with H. schachtii. Data 
obtained from three independent experiments showed that ADC1, ADC2 SPDS1 and SAMDC all were 
upregulated at all time points relative to non-infected roots. In contrast, ACL5 and SPMS were 
downregulated with the exception that SPMS was highly upregulated at 14 dpi (Fig. 7). These data 
strongly support that H. schachtii infection has profound effects on polyamine biosynthetic gene 
expression and thus support our discovery of 10A06 functioning as a regulator of polyamine 
synthesis. 
Manipulation of SPDS2 expression  
To obtain a comprehensive view of the functional role of SPDS2 in mediating Arabidopsis 
susceptibility to H. schachtii, we manipulated the expression of SPDS2 using gene knockout and 
over-expression plants. First, we identified two independent T-DNA insertional null alleles (spds2-1 
and spds2-2) in Columbia-0 (Col-0) background from the randomly mutagenized T-DNA lines (the 
SALK collection) at The Arabidopsis Information Resource (TAIR) (Alonso et al. 2003). No 
phenotype changes were observed in these two mutants when they were compared with Col-0 wild-
type plants under standard growth conditions, confirming the previously reported results of Imai et al. 
(2004) that spds2 mutants are morphologically indistinguishable from wild-type plants. Furthermore, 
no significant differences in susceptibility to H. schachtii between spds2 mutants and wild-type plants 
were detected (Fig. 8A). These negative results most likely are due to redundant SPDS functions in 
Arabidopsis, which have been reported by Imai et al. (2004), as well as by redundant functions in the 
nematode effector arsenal. We also overexpressed the full-length SPDS2 cDNA in Col-0 under the 
control of the 35S promoter. Multiple, independent homozygous lines were identified and subjected 
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to qPCR to quantify the expression of SPDS2. Four lines expressing between 2 and 10-fold higher 
SPDS2 mRNA relative to wild type were chosen and used in nematode infection assays. Three out of 
the four lines showed statistically significant increases in susceptibility to H. schachtii relative to the 
wild-type control (Fig. 8B) indicating that the susceptibility-increasing effect of 10A06 most likely is 
accomplished through an elevated SPDS2 activity.  
Expression of antioxidant machinery genes is activated in transgenic plants overexpressing 
10A06 or SPDS2  
Degradation of Spd and other polyamines through polyamine oxidase (PAO), produces 
hydrogen peroxide, which at low concentration has been shown to function as a signaling molecule 
stimulating the induction of antioxidant machinery genes in plants (Papadakis and Roubelakis-
Angelakis 2005, Moschou et al., 2008b). In order to test whether the SPDS2- and nematode-induced 
alterations of polyamines has such an antioxidant effect, we used qPCR to quantify the expression of 
the Arabidopsis antioxidant genes catalase 1 and 2 (CAT1 and CAT2), glutathione peroxidase 2 and 6 
(GPX2 and GPX6), and ascorbate peroxidase 1 and 2 (APX1 and APX3) in transgenic plants 
overexpressing SPDS2 in response to H. schachtii infection. Data obtained from three independent 
experiments showed a significant upregulation of all assayed genes relative to the infected wild-type 
control (Fig. 9A). If 10A06 functions through its interaction with SPDS2 to activate the antioxidant 
machinery one would expect that transgenic plants expressing 10A06 would activate the expression of 
the antioxidant genes as well. Thus, we quantified the expression of the above-mentioned antioxidant 
genes in transgenic plants expressing the nematode effector 10A06 under infected conditions relative 
to the infected wild-type plants. Interestingly, these genes also exhibited a statistically significant 
upregulation in these transgenic plants compared with the wild type (Fig. 9B). Thus, these data 
further confirm that 10A06 in fact functions through SPDS2 and that the parasitism-enhancing effect 
of 10A06 and SPDS2 could at least partially be grounded in an induction of the antioxidant 
machinery.  
Because accumulation of hydrogen peroxide at high level by PAO participates in the 
induction of programmed cell death (PCD) syndrome rather than activation of antioxidant machinery 
we analyzed DNA fragmentation in the transgenic plants expressing 10A06. Genomic DNA was 
extracted from root tissues of transgenic plants along with wild type 4 dpi with H. schachtii and DNA 
cleavage was examined with gel electrophoresis. As shown in Supplemental Figure S7, the DNA is 
intact both in the wild type and transgenic plants. The lack of DNA laddering indicates that the 
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increased susceptibility of transgenic plants expressing 10A06 is due to activation of antioxidant 
machinery rather than PCD syndrome.  
DISCUSSION 
Sedentary plant-parasitic nematodes secrete effector proteins that act synergistically on the 
parasite’s host plant (Davis et al., 2004, 2008). These effectors are thought to be critical for host 
invasion, formation of feeding sites, feeding, and negating host defenses. There are only a few 
examples of in vivo functional characterization of nematode effectors due to the inability to transform 
plant-parasitic nematodes and the complexity of the infection process. In this study, we have 
characterized the H. schachtii 10A06 effector protein, which is specifically synthesized in the dorsal 
esophageal gland during early stages of parasitism when the syncytium is developing. 10A06 belongs 
to a small gene family without similarity to proteins in databases suggesting a unique functional role 
in cyst nematode parasitism. Previously, we showed that expression of nematode effectors in plants 
provides a direct way to investigate their potential implication in host parasitism (Hewezi et al., 2008; 
Huang et al., 2006a). A critical role of 10A06 in cyst nematode parasitism of Arabidopsis plants was 
shown in this study by the substantial increase in nematode susceptibility of the transgenic lines 
expressing 10A06 relative to wild-type control plants. Increasing nematode susceptibility by 
expressing 10A06 lacking the predicted signal peptide suggests that this secretory protein acts within 
the plant cell as a cytoplasmic effector, which is consistent with the subcellular localization results for 
this protein. Also, constitutive expression of 10A06 resulted in increased susceptibility to CMV and 
P. syringae DC3000 demonstrating that 10A06 expression alters plant susceptibility to different 
pathogens. The enhanced susceptibility of 10A06-expressing plants seems to be associated with a 
repression of SA signaling. Recently, it has been reported that successful cyst nematode parasitism 
involves a local suppression of SA signaling in roots (Wubben et al., 2008). Several secreted effector 
proteins have been shown to negatively impact basal defense pathways, leading to increased 
susceptibility to other pathogens. For example, the expression of Cladosporium fulvum Avr2 in both 
Arabidopsis and tomato showed enhanced susceptibility toward various pathogens (van Esse et al., 
2008).  
The functionality of certain nematode effector proteins may require them to interact with host 
proteins when secreted into plant cells. Using yeast two-hybrid analyses, we identified Arabidopsis 
spermidine synthase 2 (SPDS2) as a 10A06 interactor. SPDS2 (EC: 2.5.1.16) is a key enzyme of 
polyamine biosynthesis and catalyzes the synthesis of Spd. These data, therefore, identify polyamines 
as a target of cyst nematode manipulation in the syncytium during the infection process. Our findings 
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are of particular interest also because the SPDS promoter was activated to very high levels in the 
developing syncytium, which supports a 10A06 and SPDS2 binding and implicates a likely feedback 
regulation of SPDS2 transcription. The fact that SPDS2 overexpression lines, just like 10A06 
overexpression lines, also exhibited elevated cyst nematode susceptibility relative to wild-type plants 
suggests that the 10A06-SPDS2 interaction results in a net increase of SPDS2 activity. However, no 
significant differences in cyst nematode susceptibility between the spds2 mutant lines and wild-type 
control were seen. Possible explanations are that the nematode has a complex and robust system of 
effectors that can overcome limited loss of effector function and the fact that the Arabidopsis genome 
contains two additional genes coding for spermidine synthases, SPDS1 and SPDS3, which share 81-
85% similarity with SPDS2 and could be involved in cyst nematode infection, possibly through other 
so far uncharacterized effectors, as well. These proteins likely have redundant functions and the spds2 
single mutant could possibly be functionally replaced by SPDS1 or SPDS3. In accord with this 
interpretation, it has been demonstrated that SPDS1 and SPDS2 are enzymatically active SPDS 
isologs (Panicot et al., 2002). The spds1/spds2 double-mutant plants exhibit an embryo lethal 
phenotype (Imai et al., 2004), precluding us from testing this hypothesis.  
How do 10A06-SPDS2-triggered increase in Spd content and PAO activity increase parasitic 
success of H. schachtii? One possible role centers on a protective function against reactive oxygen 
species (ROS). Generation of ROS is a common characteristic of plant responses to plant-parasitic 
nematode infection in both compatible and incompatible interactions (Waetzig et al., 1999). In 
support, plant-parasitic nematodes themselves are believed to possess an antioxidant machinery to 
protect their bodies against ROS produced by the host. Putatively secreted enzymes to scavenge ROS, 
such as superoxide dismutase, catalase, peroxidase, and glutathione peroxidase, have been identified 
in root-knot and cyst nematodes (Molinari and Miacola, 1997; Robertson et al., 2000; Jones et al., 
2004; Dubreuil et al., 2007). It could be that the developing syncytium, required for successful cyst 
nematode parasitism, needs ROS protection as a safeguard for nematode survival. This function could 
be fulfilled by Spd and other polyamines, which have ROS-scavenging properties due to their anion- 
and cation-binding capacity (Løvaas, 1991; Groppa et al., 2001; Groppa and Benavides, 2008). 
Therefore, nematode activation of SPDS2 via secreting 10A06 during feeding site formation may 
increase the antioxidant potential of syncytial cells by a mere increase in polyamines. In addition, the 
SPDS product Spd is the main substrate for polyamine oxidase (PAO) (Yoda et al., 2003), and Spd 
catabolism by PAO results in hydrogen peroxide production, which at low concentration functions as 
a signaling molecule stimulating the induction of the antioxidant machinery (Papadakis and 
Roubelakis-Angelakis, 2005; Moschou et al., 2008b). Our documentation of the activation of 
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antioxidant genes in 10A06- as well as in SPDS2-overexpressing Arabidopsis plants infected with H. 
schachtii provides support for ROS scavenging as a likely mechanism of 10A06 effector function.  
On the other hand, 10A06-mediated polyamine changes may have other functions. 
Phenotypic changes in transgenic plants expressing 10A06 included early flowering, accelerated root 
growth, and increased leaf numbers, indicating that 10A06 can influence various morphological and 
physiological processes in plants. Morphological and physiological alterations in transgenic plants 
caused by the expression of other nematode effectors also have been reported (Wang et al., 2005; 
Huang et al., 2006a; Hewezi et al., 2008). Based on the documented 10A06-SPDS2 interaction and 
the resultant changes in polyamine biosynthetic gene expression and Spd content, the morphological 
alterations associated with 10A06 expression in transgenic plants most likely can be attributed to 
polyamine metabolism and signaling in these plants. A connection between polyamines and the 
physiological events leading to flowering and plant growth has been reported (Kakkar and Rai, 1993; 
Kakkar et al., 2000; Bais and Ravishankar, 2002; Zielińska et al., 2006). It appears likely that 
increased Spd content as a result of cyst nematode infection will influence the morphological and 
physiological changes during syncytium formation in addition to ROS protection. Identification of the 
regulatory components that connect the plant morphological and physiological changes and nematode 
susceptibility on one hand and SPDS-mediated polyamine changes on the other hand requires further 
analyses. 
Finally, a third role may center on the extensive experimental evidence that has been reported 
on the essential role of polyamines in plant defense responses to a wide range of biotic and abiotic 
stresses (Bouchereau et al., 1999; Shen et al., 2000; Kasukabe et al., 2004; Moschou et al., 2008a, 
2009). Supporting evidence for the involvement of polyamines in plant-microbe interactions comes 
from the fact that polyamines rapidly accumulate in plant tissues upon pathogen infection (Marini et 
al., 2001; Cowley and Walters, 2000; Yoda et al., 2003, 2006, 2009; Moschou et al., 2009). 
Moreover, Spd was identified as an effective inducer of nitric oxide (Tun et al., 2006), which in turn 
plays significant signaling roles in plant-pathogen interactions (Romero-Puertas et al., 2004). In 
animal cells, polyamines have contradictory roles in inducing apoptosis and in its prevention through 
two different functional roles (Schipper et al., 2000; Thomas and Thomas, 2001). Similar dual 
functional roles of polyamines in plants would not be unexpected. In other words, a multitude of 
polyamine effects could be responsible in addition to the scenarios detailed above. In this context, it is 
important to mention that the enhanced susceptibility of 10A06-expressing plants to CMV and P. 
syringae DC3000 sheds light onto a possible connection between polyamine signaling and the basal 
defense response. The downregulation of PR1, PR2 and PR5 in 10A06-expressing plants reinforces 
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this possibility. In accordance with this interpretation, the expression of PR genes was found to be 
affected in transgenic tobacco plants overexpressing or downregulating PAO as well as in response to 
exogenous application of the polyamines Put, Spd and Spm (Moschou et al., 2009). 
Collectively, the data reported here provide strong support for 10A06 and SPDS2 functioning 
together in modulating the outcome of the cyst nematode–plant interaction. All our data can be 
reconciled in the following working model of how 10A06 secretion increases cyst nematode parasitic 
success. The binding of the secreted 10A06 to SPDS2 posttranslationally increases this enzyme’s 
activity, ultimately leading to an increase in Spd content and subsequently PAO activity. Thus 
elevated degradation of Spd by PAO results in hydrogen peroxide production, which at low 
concentration functions as a signaling molecule stimulating the induction of antioxidant genes in the 
syncytium. Because the expression of polyamine biosynthetic genes, including SPDS2, is under tight 
feedback regulation by polyamines, PAO degradation of Spd in turn activates the SPDS2 promoter in 
the syncytium. Transcriptional activation of SPDS2 further amplifies spermidine synthesis and results 
in an overall change of polyamine metabolism in the syncytium.  
MATERIAL AND METHODS 
Plant materials and growth conditions 
Arabidopsis thaliana ecotype C24 was used as the wild type for expression of 10A06 gene 
while ecotype Col-0 was used for overexpression of the SPDS2 and expression of SPDS2 
promoter:GUS construct. Arabidopsis plants were grown under sterile conditions on Murashige and 
Skoog (MS) solidified media containing 2% sucrose, or in potting soil in a growth chamber under 
long day conditions (16h light/8h dark) at 23°C.  
DNA gel blot analysis  
Total genomic DNA was isolated from H. schachtii according to Bline and Stafford (1976). 
Ten micrograms of DNA were digested overnight at 37°C with the EcoRI and SacI restriction 
enzymes (Invitrogen, Carlsbad, CA). DNA transfer, probe hybridization and signal detection were 
performed as described by Hewezi et al. (2006).  
Plasmid construction and generation of transgenic Arabidopsis plants 
The coding sequences of 10A06 without the nematode signal peptide sequences were 
amplified from the full-length cDNA clones. The forward and reverse primers that contain BamHI 
and SacI restriction sites, respectively were used (Supplemental Table S1). For SPDS2 
overexpression construct, the coding region of SPDS2 was amplified from Arabidopsis cDNA using 
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gene-specific primers designed to create the XbaI and SalI restriction sites in the forward and reverse 
primers, respectively (Supplemental Table S1). PCR amplification was performed using Expand High 
Fidelity plus PCR System (Roche, USA) according to the manufacturer’s instructions. The PCR 
products were digested, gel purified, ligated into the binary vector pBI121 and verified by 
sequencing. For SPDS2 promoter construct, a 1.383 kb fragment upstream of the start codon of 
SPDS2 gene was amplified from Arabidopsis genomic DNA using the forward and reverse primers 
containing SalI and BamHI restriction sites, respectively. The purified PCR product was digested by 
SalI and BamHI, gel purified, cloned into SalI-BamHI restriction sites of binary vector pBI101and 
confirmed by sequencing. Agrobacterium tumefacienes strain C58 was transformed with the binary 
plasmids by the freeze-thaw method and used to transform A. thaliana wild type C24 or Columbia-0 
as previously described by Clough and Bent (1998). Transformed T1 plants were screened on MS 
medium containing 50 mg L-1 of kanamycin and transgenic plants were identified. Homozygous T3 
seeds were collected from T2 lines after segregation analysis on kanamycin-containing medium and 
used in this study. The histochemical detection of GUS activity was performed according to Jefferson 
et al. (1987). 
Morphological changes measurements  
Seeds were surface sterilized and transferred to Nunc 4 well Polystyrene Rectangular Dishes 
(Thermo Fisher Scientific) containing MS medium. Plates were incubated in a growth chamber at 
23°C under 16h light /8h dark conditions. Ten days after planting, the root length (distance between 
the crown and the tip of the main root) of at least 10 plants was measured in four independent 
experiments. Flowering time was determined when the petals of the first flower were entirely 
expanded. The total leaf number was counted after complete flowering. Statistically significant 
differences between lines were determined by unadjusted paired t test (P < 0.01). 
Nematode infection assay 
Transgenic Arabidopsis seeds (T3 generation), homozygous knockout spds2 mutants as well 
as wild types controls (Col -0 and C24) were surface sterilized and planted, in a random block design, 
in 12-well tissue Falcon culture plates (BD Biosciences) containing modified Knop’s medium 
(Sijmons et al., 1991) solidified with 0.8% Daishin agar (Brunschwig Chemie). Plants were grown at 
24°C under 16 h light/8 h dark conditions. Ten day-old seedlings were inoculated with approximately 
250 surface sterilized J2 Heterodera schachtii nematodes per plant, as previously described by Baum 
et al. (2000). The inoculated plants were maintained under the same conditions described above for an 
additional three weeks before counting the J4 adult females. Mean values significantly different from 
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that of the wild type were determined in a modified t test using the statistical software package SAS 
(P < 0.05). 
Bacterial growth assay 
Bacterial strain Pseudomonas syringae pv tomato DC3000, was grown overnight at 30°C in 
King’s B medium with appropriate antibiotics. Final cell densities were adjusted to A600 0.05 with 10 
mM MgCL2 for plant inoculation. Fully expanded leaves of 4- to 5-week-old plants were hand-
infiltrated with the bacterial suspensions. Bacterial growth was determined at 0 and 3 dpi. Leaf tissues 
(four No. 4 cork-borer leaf discs) were collected, ground in 1 mM MgCl2, diluted, and then plated on 
King’s B agar medium containing appropriate antibiotics. Bacterial populations were determined 
using four replicate plants per line and the data are represented as means of eight independent 
experiments ± SE of log (cfu/cm2)..  
Viral infection assay 
Fully expanded leaves of 4- to 5-week-old plants were mechanically inoculated with 10 µl of 
the yellow strain of Cucumber mosaic virus (CMVY) at a concentration of 100 µg mL-1 in phosphate 
buffer. Leaf samples were collected 5 dpi, from 5-6 plants per line, for RNA extraction and qPCR 
analysis to quantify the accumulation of viral RNA using primer pairs specific to RNA1 replicase 
gene (Supplemental Table S1). The data are represented as means of three independent experiments ± 
SE. 
Yeast two-hybrid assays  
A yeast two-hybrid screening was performed as described in the BD MatchmakerTM Library 
Construction & Screening Kits User Manual (Clontech). The coding sequence of 10A06 was 
amplified using forward and reverse primers containing EcoRI and PstI restriction sites, respectively 
(Supplemental Table S1) and fused to the GAL4 DNA-binding domain (BD) of pGBKT7 vector to 
generate pGBKT7-10A06 and then introduced into Saccharomyces cerevisiae strain Y187 to generate 
the bait strains. Three Arabidopsis cDNA libraries from roots of ecotype C24 at 3, 7 and 10 days after 
H. schachtii infection were generated in S. cerevisiae strain AH109, as a fusion to the GAL4 
activation domain (AD) of pGADT7-Rec2 vector (Hewezi et al., 2008). Screening for interacting 
proteins and subsequent analyses were performed as described by Clontech protocols. To test the 
potential interaction between 10A06 and SPDS1, the coding sequence of SPDS1 was amplified using 
forward and reverse primers containing EcoRI and ClaI restriction sites, respectively (Supplemental 
Table S1) and fused to the GAL4 DNA-activation domain (AD) of pGADT7 prey vector to generate 
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pGADT7-SPDS1 and then introduced into Saccharomyces cerevisiae strain AH109 in combination 
with the bait vector containing 10A06 or human Lamin C or the empty bait vector and the interaction 
was tested following Clontech protocols. 
RNA isolation and quantitative real-time RT-PCR 
Total RNA was extracted from 100 mg frozen ground plant tissues using the RNeasy plant 
mini kit (Qiagen) or from 50 mg nematode tissues using the Versagene RNA tissue kit (Gentra 
Systems) following the manufacturer's instructions. DNase treatment of total RNA was performed 
using Deoxyribonuclease I (Invitrogen). 10 ng of DNase-treated RNA were used for cDNA synthesis 
and PCR amplification using the one-step RT-PCR kit (Bio-Rad) according to the manufacturer's 
protocol. Gene-specific primers for 10A06, SPDS2, SPDS1, ADC1, ADC2, ACLS, SPMS, H. schachtii 
actin (AY443352), and Arabidopsis actin (AT1G49240) were designed (Supplemental Table S1). The 
PCR reactions were run in an I Cycler (Bio-Rad) using the following program: 50°C for 10 min, 95°C 
for 5 min, and 40 cycles of 95°C for 30 s and 60°C for 30 s. Following PCR amplification, the 
reactions were subjected to a temperature ramp to create the dissociation curve, determined as 
changes in fluorescence measurements as a function of temperature, by which the nonspecific 
products can be detected. The dissociation program was 95°C for 1 min, 55°C for 10 s, followed by a 
slow ramp from 55°C to 95°C. 
In all cases, at least three independent experiments each with four technical replicates of each 
reaction were performed. Arabidopsis and nematode actin, as constitutively expressed genes, were 
used as internal controls to normalize gene expression levels. Quantification of the relative changes in 
gene expression was performed using the 2-∆∆CT method.  
Biomolecular fluorescent complementation analysis of 10A06 and SPDS2 
The 10A06 cDNA without signal peptide was PCR-amplified using forward and reverse 
primers containing EcoRI and XbaI restriction sites respectively (Supplemental Table S1) and cloned 
into EcoRI-XbaI sites of pSAT4-nEYFP-C1 to generate pSAT4-nEYFP-10A06. Meanwhile, the full 
length SPDS2 cDNA was PCR-amplified using forward and reverse primers containing EcoRI and 
XbaI restriction sites respectively and cloned into EcoRI-XbaI sites of pSAT4-cEYFP-C1(B) to 
generate pSAT4-cEYFP-SPDS2. Both plasmids were confirmed by sequencing. For coexpression, 
particle bombardment was performed using onion epidermal cells. Gold particles (1.6 µm diameter) 
(Bio-Rad) were washed with 100% ethanol and coated with 1.5 µg of each DNA using standard 
procedures. cDNA-coated gold particles were bombarded at 1100 psi and 9 cm distance using a 
Biolistic Particle Delivery System PDS-1000/He (Bio-Rad). Bombarded tissues were incubated at 
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25°C in darkness for ~16 h before being assayed for YFP activity. The bright-field and fluorescent 
images were taken using the Zeiss Axiovert 100 microscope with appropriate YFP filter. 
In situ hybridization 
Specific forward and reverse primers for the 10A06 cDNA clone (Supplemental Table S1) 
were used to synthesize a digoxigenin (DIG)-labeled sense and antisense cDNA probes (Roche) by 
PCR. In situ hybridizations were performed using mixed parasitic stages of H. schachtii as described 
by de Boer et al. (1998). Hybridization signals within the nematodes were detected with alkaline 
phosphatase-conjugated anti-DIG antibody and substrate, and specimens were observed with a Zeiss 
Axiovert 100 inverted light microscope. 
Subcellular localization 
The 10A06 without signal peptide-encoding regions and SPDS2 coding sequences were 
amplified using gene-specific primer pairs containing ApaI and SalI restriction enzyme sites in the 
forward and reverse primers, respectively (Supplemental Table S1) The resulting amplified fragments 
were cloned into the respective sites in the modified pRJG23 vector (Grebenok et al., 1997) before 
the start codon of GFP fused into the GUS reporter gene and under the control of double CaMV 35S 
promoter. Both constructs were confirmed by DNA sequencing. These constructs were delivered into 
onion epidermal cells by biolistic bombardment using standard procedures. After bombardment, 
epidermal peels were incubated at 26°C for 24 h in the dark. The subcellular localization of the fused 
proteins was visualized using a Zeiss Axiovert 100 microscope. The transient transformation 
experiments were repeated at least three times independently. 
Identification of spds2 mutants 
Two independent T-DNA insertional null alleles (spds2-1 and spds2-2) in Columbia-0 (Col-
0) background were obtained from the randomly mutagenized T-DNA lines (the SALK collection) at 
The Arabidopsis Information Resource (TAIR). Homozygous plants were identified from segregating 
T3 populations. Sequence analysis revealed that the T-DNA is inserted in exon 7 of the SPDS2 gene 
in spds2-1 (Salk_139824) and in intron 7 in the spds2-2 (Salk_096270), 1,673 and 1,708 bp, 
respectively, downstream of the translation initiation codon (Supplemental Fig. S8A). The mRNA 
expression level of SPDS2 was quantified in wild-type plants and spds2 knock-out lines using qPCR. 
Using forward and reverse primers designed to amplify a 130 bp product from the center region of the 
SPDS2 coding region, the PCR product was only detected in wild-type plants and not in spds2-1 and 
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spds2-2 homozygous plants (Supplemental Fig. S8B), indicating that spds2-1 and spds2-2 lines are 
null alleles.  
Determination of free Spd level 
Plant material (100-150 mg) was ground in liquid nitrogen and extracted in 1 ml of 5% cold 
perchloric acid containing 1 µmol of 1,6-hexanediamine (Acros Organic) as an internal standard, and 
incubated on ice for 4 h. The samples were then centrifuged for 45 min at 14,000 rpm at 4°C. The 
supernatant phase, containing the free Spd fraction, was derivatized with dansyl chloride (Fluka) 
according to the method described by Smith and Davies (1985). Two hundred microliters of 
supernatant was mixed with 200 µl of saturated sodium carbonate (13% W/V) and 400 µl of dansyl 
chloride in acetone (7.5 mg mL-1 W/V). After vortexing, the mixture was incubated overnight at room 
temperature in the dark. Excess dansyl chloride was removed by adding 100 of µl of L-proline (100 
mg mL-1 W/V) (Acros Organic) followed by an incubation for 30 min at room temperature. The 
dansylated Spd was further extracted with 500 µl toluene. The organic phase containing Spd was 
vacuum evaporated and the residue was dissolved in 600 µl of methanol. Free Spd was separated and 
quantified by HPLC with a reverse-phase (C18) column and an UV detector (254 nm) at room 
temperature. A standard curve was generated by measuring known amounts of Spd and used for 
estimation of Spd content. 
Measurement of PAO activity  
The level of PAO activity in plant tissues was determined using a spectrophotometric method 
described by (Angelini et al., 2008) to measure the formation of a pink adduct (ε=515nm=2.6 × 104 m–
1
 cm–1), as a result of the H2O2-dependent oxidation of 4-aminoantipyrine (4-AAP) catalyzed by 
horseradish peroxidase and the subsequent condensation of the oxidized AAP with 3,5-dichloro-2 
hydroxybenzenzenesulphonic acid (DCHBS). Plant materials were homogenized in 0.2 M sodium 
phosphate buffer [tissue/buffer ratio 1:3 (w/v)]. The homogenate was centrifuged at 14 000 g for 30 
min. A 26 µl aliquot of the supernatant was used for enzyme activity assay. Assays were performed in 
0.2 M sodium phosphate buffer pH 6.5, containing 80 µg horseradish peroxidase (Sigma), 0.1 mM 4-
AAP (Sigma), 1 mM DCHBS (Sigma) and 2 mM Spd as a substrate in 1 mL total volume. Enzyme 
activity was expressed as U g-1FW. 
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DNA fragmentation analysis 
DNA was isolated from root tissues of transgenic plants expressing 10A06 (line 12-12) and 
wild-type plants 4 d following the infection with H. schachtii as described by Fulton et al. (1995). 
Five micrograms were separated on 2% agarose gel and visualized by staining with SYBR safe stain.  
Accession numbers 
Sequence data from this article can be found in the Arabidopsis Genome Initiative or 
GenBank/EMBL databases under the following accession numbers: Arabidopsis actin (AT1G49240), 
H. schachtii actin (AY443352), SPDS1 (AT1G23820), SPDS2 (AT1G70310), SPDS3 (AT5G53120), 
ADC1 (AT2G16500), ADC2 (AT4G34710), ACLS (AT5G19530 ), SPMS (AT5G53120), H. schachtii 
10A06 (isoform1, GQ373256; isoform 2, GQ373257; isoform 3, GQ373258), H. glycines 10A06 
(AF502391) CAT1 (AT1G20630 ), CAT2 (AT4G35090 ), GPX2 (AT2G31570), GPX6 (AT4G31870), 
APX1 (AT1G07890), APX3(AT4G35000).  
ACKNOWLEDGEMENTS 
We thank Stanton Gelvin for providing the BiFC vectors, Steve Whitham for helping with 
CMVY assay, Adam Bogdanove and Jackson Moeller for helping with Pst assay. We also would like 
to thank Dr. Alessandra Cona (Dipartimento di Biologia, Università Roma Tre) for providing us with 
detailed protocol for PAO activity.  
LITERATURE CITED 
Angelini R, Tisi A, Rea G, Chen MM, Botta M, Federico R, Cona A (2008) Involvement of 
polyamine oxidase in wound healing. Plant Physiol 146: 162–177 
Abad P, et al (2008) Genome sequence of the metazoan plant-parasitic nematode Meloidogyne 
incognita. Nat Biotechnol 26: 909-915  
Alkharouf NW, Klink VP, Chouikha IB, Beard HS, MacDonald MH, Meyer S, Knap HT, Khan 
R, Matthews BF (2006) Timecourse microarray analyses reveal global changes in gene 
expression of susceptible Glycine max (soybean) roots during infection by Heterodera 
glycines (soybean cyst nematode). Planta 224: 838-852 
Alonso JM, et al (2003) Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science 301: 
653–657 
Bais HP, Ravishankar GA (2002) Role of polyamines in the ontogeny of plants and their 
biotechnological applications. Plant Cell Tiss Org Cult 69: 1–34 
97 
 
Baum TJ, Hussey RS, Davis EL (2007) Root-knot and cyst nematode parasitism genes: the 
molecular basis of plant parasitism. Genet Eng 28: 17–43 
Baum TJ, Wubben MJE II, Hardy KA, Su H, Rodermel SR (2000) A screen for Arabidopsis 
thaliana mutants with altered susceptibility to Heterodera schachtii. J Nematol 32: 166–173 
Bline N, Stafford DW (1976) A general method for isolation of high molecular weight DNA from 
eukaryotes. Nucleic Acids Res 3: 2303-2308 
Bouchereau A, Aziz A, Larher F, Martin-Tanguy J (1999) Polyamines and environmental 
challenges: recent development. Plant Sci 140: 103–125 
Citovsky V, Lee LY, Vyas S, Glick E, Chen MH, Vainstein A, Gafni Y, Gelvin SB, Tzfira T 
(2006) Subcellular localization of interacting proteins by bimolecular fluorescence 
complementation in planta. J Mol Biol 362: 1120–1131 
Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant J 16: 735-743 
Cowley T, Walters DR (2002) Polyamine metabolism in barley reacting hypersensitively to the 
powdery mildew fungus Blumeria graminis f sp hordei. Plant Cell Environ 25: 461–468 
Davis EL, Hussey RS, Mitchum MG, Baum TJ (2008) Parasitism proteins in nematode-plant 
interactions. Curr Opin Plant Biol 11: 360–366 
Davis EL, Hussey RS, Baum TJ (2004) Getting to the roots of parasitism by nematodes. Trends 
Parasitol 20: 134–141 
de Boer JM, Yan Y, Bakker J, Davis EL, Baum TJ (1998) In situ hybridization to messenger RNA 
of Heterodera glycines. J Nematol 30: 309–312 
Ding X, Shields J, Allen R, Hussey RS (1998) A secretory cellulose-binding protein cDNA cloned 
from the root-knot nematode (Meloidogyne incognita). Mol Plant Microbe Interact 11: 952–
959 
Doyle EA, Lambert KN (2003) Meloidogyne javanica chorismate mutase 1 alters plant cell 
development. Mol Plant-Microbe Interact 16: 123–131 
Doyle EA, Lambert KN (2002) Cloning and characterization of an esophageal-gland-specific pectate 
lyase from the root-knot nematode Meloidogyne javanica. Mol Plant-Microbe Interact 15: 
549-556 
Dubreuil G, Magliano M, Deleury E, Abad P, Rosso MN (2007) Transcriptome analysis of root-
knot nematode functions induced in the early stages of parasitism. New Phytol 176: 426–436 
Elling AA, Davis EL, Hussey RS, Baum TJ (2007) Active uptake of cyst nematode parasitism 
proteins into the plant cell nucleus. Int J Parasitol 37: 1269–1279 
98 
 
Fulton TM, Chunwongse J,Tanksley SD (1995) Microprep protocol for extraction of DNA from 
tomato and other herbaceous plants. Plant Mol Biol 13: 207–209 
Gao B, Allen R, Maier T, Davis EL, Baum TJ, Hussey RS (2003) The parasitome of the 
phytonematode Heterodera glycines. Mol Plant-Microbe Interact 16: 720–726 
Gheysen G, Mitchum MG (2009) Molecular insights in the susceptible plant response to nematode 
infection In: DG Robinson, RH Berg and CG Taylor (Eds), Cell Biology of Plant Nematode 
Parasitism Plant cell monographs, 15 Berlin, Heidelberg: Springer Berlin 
Grebenok RJ, Pierson E, Lambert GM, Gong FC, Afonso CL, Haldeman-Cahill R, Carrington 
JC, Galbraith DW (1997) Green-fluorescent protein fusions for efficient characterization of 
nuclear targeting. Plant J 11: 573–586 
Groppa, MD, Benavides MP (2008) Polyamines and abiotic stress: recent advances. Amino Acids 
34: 35–45 
Groppa MD, Tomaro ML Benavides MP (2001) Polyamines as protectors against cadmium or 
copper-induced oxidative damage in sunflower leaf discs. Plant Sci 161: 481–488 
Hanzawa Y, Imai A, Michael AJ, Komeda Y, Takahashi T (2002) Characterization of the 
spermidine synthase-ralated gene family in Arabidopsis thaliana. FEBS Lett 527: 176–180 
Hewezi T, Howe P, Maier TR, Hussey RS, Mitchum MG, Davis EL, Baum TJ (2008) Cellulose 
binding protein from the parasitic nematode Heterodera schachtii interacts with Arabidopsis 
pectin methylesterase: Cooperative cell wall modification during parasitism. Plant Cell 20: 
3080–3093 
Hewezi T, Mouzeyar S, Thion L, Rickauer M, Alibert G, Nicolas P Kallerhoff J (2006) Antisense 
expression of a NBS-LRR sequence in sunflower (Helianthus annuus L) and tobacco 
(Nicotiana tabacum L): Evidence for a dual role in plant development and fungal resistance. 
Transgenic Res 15: 165–180 
Huang G, Allen R, Davis EL, Baum TJ, Hussey RS (2006b) Engineering broad root-knot 
resistance in transgenic plants by RNAi silencing of a conserved and essential root-knot 
nematode parasitism gene. Proc Natl Acad Sci USA 103: 14302-14306 
Huang G, Dong R, Allen R, Davis EL, Baum TJ, Hussey RS (2006a) A Root-Knot Nematode 
Secretory Peptide Functions as a Ligand for a Plant Transcription Factor .Mol Plant Microbe 
Interact 19: 463-470 
Imai A, Matsuyama T, Hanzawa Y, Akiyama T, Tamaoki M, Saji H, Shirano Y, Kato T, 
Hayashi H, Shibata D, Tabata S, Komeda Y, Takahashi T (2004) Spermidine synthase 
genes are essential for survival of Arabidopsis. Plant Physiol 135: 1565–1573 
 Ithal N, Recknor J, Nettleton D, Maier T, Baum TJ, Melissa MG
profiling of cyst nematode feeding cells in soybean roots
510-525 
Jaubert S, Milac AL, Petrescu
secretion of a calreticulin by migratory and sedentary stages of root
Plant Microbe Interact 18
Jefferson RA, Kavanagh TA, Bevan MW
versatile gene fusion marker in higher plants. EMBO J 
Jones JT, Reavy B, Smant G, Prior AE
Globodera rostochiensis.
Kakkar RK, Rai VK (1993) Plant polyamines in flowering and fruit ripening.
1288 
Kakkar RK, Nagar PK, Ahuja PS Rai, VK
43: 1–11 
Kasukabe Y, He L, Nada K, Misawa S, Ihara I, Tachibana S
spermidine synthase enhances tolerance to multiple environmental stress and up
expression of various stress
Physiol 45: 712–722 
Løvaas E (1991) Antioxidative effects of polyamines. 
Marini F, Betti L, Scaramagli S, Biondi S, Torrigiani P
upregulated in response to tobacco mosaic virus in hypersensitive, but
tobacco. New Phytol 149:
Molinari S, Miacola C (1997) Antioxidant enzymes in phytoparasitic nematodes. J Nematol 
153–159 
Moschou PN, Delis ID, Paschalidis KA, Roubelakis
plants overexpressing polyamine oxidase are not able to cope with oxidative burst generated 
by abiotic factors. Physiol Plant 
Moschou PN, Paschalidis KA, Delis ID, Andriopoulou AH, Lagiotis GD, Yakoumakis DI, 
Roubelakis-Angelakis KA
by abiotic stress is responsible for H
Plant Cell 20: 1708–1724
 (2007) Developmental transcript 
. Mol Plant Microbe Interact
 AJ, de Almeida-Engler J Abad P, Rosso MN (2005)
-knot nematode.
: 1277–1284 
 (1987) GUS fusions: -Glucuronidase as a sensitive and 
6: 3901–3907 
 (2004) Glutathione peroxidases of the potato cyst nematode 
 Gene 324: 47–54 
 Phytochem
 (2000) Polyamines and plant morphogenesis. Biol Plant 
 (2004) Overexpression of 
-regulated genes in transgenic Arabidopsis thaliana
J Amer Oil Chem Soc 68: 353
 (2001) Polyamine metabolism is 
 not in susceptible 
 301–309  
-Angelakis KA (2008b) Transgenic tobacco 
133: 140–156 
 (2008a) Spermidine exodus and oxidation in the apoplast induced 
2O2 signatures that direct tolerance responses in tobacco. 
 
99 
 20: 
 In planta 
 Mol 
 33: 1281–
-regulates the 
. Plant Cell 
–358 
29: 
100 
 
Moschou PN, Sarris PF, Skandalis N, Andriopoulou AH, Paschalidis KA, Panopoulos NJ, 
Roubelakis-Angelakis KA (2009) Engineered polyamine catabolism preinduces tolerance of 
tobacco to bacteria and oomycetes. Plant Physiol 149: 1970-1981 
Opperman CH, Bird DM, Williamson VM, Rokhsar DS, Burke M, Cohn J, Cromer J, Diener S, 
Gajan J, Graham S, Houfek TD, Liu Q, Mitros T, Schaff J, Schaffer R, Scholl E, 
Sosinski BR, Thomas VP, WindhamE (2008) Sequence and genetic map of Meloidogyne 
hapla: a compact nematode genome for plant parasitism. Proc Natl Acad Sci USA 105: 14 
802–14 807 
Panicot M, Minguet EG, Ferrando A, Alcazar R, Blazquez MA, Carbonell J, Altabella T, 
Koncz C, Tiburcio AF (2002) A polyamine metabolon involving aminopropyl transferase 
complexes in Arabidopsis. Plant Cell 14: 2539–2551 
Papadakis AK, Roubelakis-Angelakis KA (2005) Polyamines inhibit NADPH oxidase-mediated 
superoxides generation and putrescine prevents programmed cell death syndrome induced by 
the polyamine oxidase generated hydrogen peroxide. Planta 220: 826–837 
Puthoff DP, Nettleton D, Rodermel SR, Baum TJ (2003) Arabidopsis gene expression changes 
during cyst nematode parasitism revealed by statistical analyses of microarray expression 
profiles. Plant J 33: 911–921 
Rehman S, Postma W, Tytgat T, Prins P, Qin L, Overmars H, Vossen J, Spiridon L-N, Petrescu 
A-J, Goverse A, Bakker J, Smant G (2009) A Secreted SPRY Domain-Containing Protein 
(SPRYSEC) from the Plant-Parasitic Nematode Globodera rostochiensis Interacts with a CC-
NB-LRR Protein from a Susceptible Tomato. Mol Plant Microbe Interact 22: 330-340 
Robertson L, Robertson WM, Sobczak JH, Tetaud E, Ariyanayagam MR, Ferguson MAJ, 
Fairlamb A, Jones JT (2000) Cloning, expression and functional characterization of a 
peroxiredoxin from the potato cyst nematode Globodera rostochiensis. Mol Biochem 
Parasitol 111: 41–49 
Romero-Puertas MC, Perazzolli M, Zago ED, Delledonne M (2004) Nitric oxide signalling 
functions in plant-pathogen interactions. Cell Microbiol 6: 795-803 
Schipper RG, Penning LC, Verhofstad AAJ (2000) Involvement of polyamines in apoptosis Facts 
and controversies: Effectors or protectors? Semin Cancer Biol 10: 55-68 
Shen W, Nada K, Tachibana S (2000) Involvement of polyamines in the chilling tolerance of 
cucumber cultivars. Plant Physiol 124: 431–439 
Sijmons PC, Grundler FMW, Von Mende N, Burrows PR, Wyss U (1991) Arabidopsis thaliana 
as a new model host for plant parasitic nematodes. Plant J 1: 245-254 
101 
 
Smith MA, Davies PJ (1985) Separation and quantitation of polyamines in plant tissue by high 
performance liquid chromatography of their dansyl derivatives. Plant Physiol 78: 89–91 
Szakasits D, Heinen P, Wieczorek K, Hofmann J, Wagner F, Kreil DP, Sykacek P, Grundler 
FM, Bohlmann H (2009) The transcriptome of syncytia induced by the cyst nematode 
Heterodera schachtii in Arabidopsis roots. Plant J 57: 771-784  
Tavladoraki P, Rossi MN, Saccuti G, Perez-Amador MA, Polticelli F, Angelini R, Federico R 
(2006) Heterologous expression and biochemical characterization of a polyamine oxidase 
from Arabidopsis involved in polyamine back conversion. Plant Physiol 149: 1519–1532 
Thomas T, Thomas TJ (2001) Polyamine in cell growth and cell death: molecular mechanisms and 
therapeutic applications. Cell Mol Life Sci 58: 244–258 
Tun NN, Santa-Catarina C, Begum T, Silveira V, Handro W, Floh EIS, Scherer GFE (2006) 
Polyamines induce rapid biosynthesis of nitric oxide (NO) in Arabidopsis thaliana seedlings. 
Plant Cell Physiol 47: 346–354 
van Esse HP, van't Klooster JW, Bolton MD, Yadeta KA, van Baarlen P, Boeren S, Vervoort J, 
de Wit PJGM, Thomma BPHJ (2008) The Cladosporium fulvum virulence protein Avr2 
inhibits host proteases required for basal defense. Plant Cell 20: 1948–1963 
Waetzig GH, Sobczak M, Grundler, FMW (1999) Localization of hydrogen peroxide during the 
defence response of Arabidopsis thaliana against the plant-parasitic nematode Heterodera 
glycines. Nematol 1: 681-686 
Walters DR (2000) Polyamine in plant-microbe interactions. Physiol Mol Plant Pathol 57: 137–146 
Wang X, Meyers D, Yan Y, Baum T, Smant G, Hussey R, Davis E (1999) In planta localization of 
a β-1,4-endoglucanase secreted by Heterodera glycines. Mol Plant Microbe Interact 12: 64–
67 
Wang X, Mitchum MG, Gao B, Li C, Diab H, Baum TJ, Hussey RS, Davis, EL (2005) A 
parasitism gene from a plant-parasitic nematode with function similar to CLAVATA3/ESR 
(CLE) of Arabidopsis thaliana. Mol Plant Pathol 6: 187–191 
Wubben MJ, Jin J, Baum TJ (2008) Cyst nematode parasitism of Arabidopsis thaliana is inhibited 
by salicylic acid (SA) and elicits uncoupled SA-independent pathogenesis-related gene 
expression in roots. Mol Plant Microbe Interact. 21: 424-32 
Yoda H, Fujimura K, Takahashi H, Munemura I, Uchimiya H, Sano H (2009) Polyamines as a 
common source of hydrogen peroxide in host- and nonhost hypersensitive response during 
pathogen infection. Plant Mol Biol 70: 103-112  
102 
 
Yoda H, Hiroi Y, Sano H (2006) Polyamine oxidase is one of the key elements for oxidative burst to 
induce programmed cell death in tobacco cultured cells. Plant Physiol 142: 193–206 
Yoda H, Yamaguchi Y, Sano H (2003) Induction of hypersensitive cell death by hydrogen peroxide 
produced through polyamine degradation in tobacco plants. Plant Physiol 132: 1973–1981  
Zielińska M, Kęsy J, Kopcewicz J (2006) Participation of polyamines in the flowering of the short-
day plant Pharbitis nil. Plant Growth Regul 50: 149-158 
  
103 
 
 
 
Figure 1. Characterization of Hs 10A06. 
(A) Genomic DNA of Heterodera schachtii was digested with the EcoRI and SacI restriction 
enzymes and probed using the full length radiolabeled 10A06 cDNA and revealed that 10A06 belongs 
to a small gene family comprised of at least three members. Molecular weight marker is shown in Kb. 
(B) Developmental expression pattern of 10A06. The relative mRNA expression level of 10A06 was 
quantified using qPCR in six different H. schachtii life stages. The fold-change values were 
calculated using 2-∆∆CT method and represent changes in mRNA level in pre-J2, par-J2, J3, J4 and 
females relative to that of eggs. Data are average of three biologically independent experiments, each 
consisting of four technical replicates. H. schachtii actin was used an internal control to normalize 
gene expression level.  
(C) In situ hybridization of a digoxigenin-labeled antisense 10A06 cDNA probe to transcripts 
exclusively expressed in the secretory dorsal gland cells of a parasitic second-stage juvenile (par-J2) 
of H. schachtii that was collected from host plant roots. DG = dorsal gland cell, M = metacarpus, SvG 
= subvental gland cells. When the control sense cDNA probe was used, no signal was detected. 
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Figure 1 (continued) 
(D) Subcellular localization of 10A06 in plant cells. 10A06 cDNA without signal peptide-coding 
sequence was fused to the joined GFP and GUS reporter genes and expressed in onion epidermal 
cells. GFP fluorescence is mainly localized to the plant cell cytoplasm. 
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Figure 2. Constitutive expression of 10A06 in Arabidopsis alters plant morphology and enhances 
plant susceptibility to H. schachtii and distinct pathogens. 
(A) and (B) Homozygous T3 lines expressing 10A06 displayed higher number of leaves (A) and 
longer roots (B) than the wild type (C24).  
(C) Transgenic Arabidopsis plants expressing 10A06 showed enhanced susceptibility to H. schachti. 
Homozygous T3 lines expressing 10A06 without the native signal peptide (lines 2-7, 5-7, and 12-12) 
were planted on modified Knop's medium, and 2-week-old seedlings were inoculated with ~250 
surface-sterilized J2 H. schachtii nematodes. Two weeks after inoculation, the number of J4 female 
nematodes per root system was determined. Data are presented as the mean ± SE. Mean values 
significantly different from the wild type are denoted by an asterisk as determined by unadjusted 
paired t tests (P < 0.05). Identical results were obtained from at least two independent experiments. 
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Figure 2. (continued) 
(D) Transgenic Arabidopsis plants expressing 10A06 exhibit enhanced susceptibility to Pst DC3000. 
Wild type (C24) and two independent transgenic lines (2-7 and 12-12) were inoculated with Pst 
DC3000 at an initial density of 4 ×105 cfu/cm2 and bacteria growth was quantified 3 days post 
inoculation. Data represent mean of 8 independent experiments ± SE. Mean values significantly 
different from the wild type as determined by paired t tests (P < 0.05) are denoted by an asterisk.  
(E) Expression of 10A06 in Arabidopsis enhanced the accumulation of CMVY. Wild type (C24) and 
two independent transgenic lines (2-7 and 12-12) were inoculated with CMVY and leaf samples were 
collected 5 dpi for RNA extraction and qPCR analysis to quantify the accumulation of viral RNA 
using primer pairs specific to RNA1 replicase gene. Shown are the expression levels in the transgenic 
lines relative to WT after normalization using Arabidopsis actin 8 as an internal control. Data are 
mean of four biologically independent experiments, each consisting of four technical replicates. Mean 
values significantly different from 1.0 (no change) are indicated by an asterisk as determined by 
paired t tests (P < 0.01). 
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Figure 3. Increased susceptibility of 10A06-expressing plants is associated with repression of 
salicylic acid signaling. 
Or. Effects of 10A06 on PR-1, PR-2, PR-3, PR-4, PR-5, and PDF1.2 gene expression under infected 
and non-infected conditions. 
qPCR was used to quantify the expression levels of different PR genes in wild-type and transgenic 
plants expressing 10A06 (line 12-12) under non-infected and infected conditions (7 dpi). The fold-
change values were calculated using the 2-∆∆CT method and represent changes of mRNA abundance in 
transgenic plants relative to wild-type control. Data are the average of three independent biological 
experiments, each consisting of four technical replicates. Arabidopsis actin 8 was used as an internal 
control to normalize gene expression level.  
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Figure 4. 10A06 specifically interacts with SPDS2. 
(A) The yeast two-hybrid interaction between 10A06 and SPDS2 visualized by differential growth on 
non-selective medium (left panel) and on selective medium (right panel). Yeast cells containing the 
SPDS2 prey plasmid and the 10A06 bait vector grow on the selective medium. In contrast, yeast cells 
containing the SPDS2 prey plasmid along with either the empty bait vector or bait vector containing 
the human Lamin C gene fail to grow on the selective medium.  
(B) α-Gal quantitative assays of the 10A06/SPDS2 interaction. Yeast strain AH109 was 
cotransformed with the prey plasmid in combination with either the 10A06 bait vector, or bait vector 
containing the human Lamin C gene, or the empty pGBKT7 bait vector and plated on SD/-Leu/-Trp. 
Three days after culture, 10 independent colonies per combination were picked to quantify the 
interaction using α-Gal activity. Activity was seen only in yeast cells containing the SPDS2 prey 
plasmid and the 10A06 bait vector. The experiment was repeated three times with identical results. 
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Figure 4. (continued) 
(C) BiFC visualization of the 10A06/SPDS2 interaction. Onion epidermal cells were cobombarded 
with constructs expressing the nEYFP-10A06 and cEYFP-SPDS2. Bright field, YFP and overlay of 
bright field, and YFP images were taken 24 h after bombardment. 
(D) Schematic representation of intact and truncated 10A06 sequences used as bait in α-Gal 
quantitative assay demonstrating that the full-length 10A06 is required for strong interaction with 
SPDS2. Yeast strain AH109 cotransformed with prey plasmid and the different bait constructs 
indicated in the scheme were streaked on SD/-Leu/-Trp, and 3 d after culture, 10 separate colonies per 
construct were picked to quantify α-galactosidase activity. The assays were repeated three times with 
identical results. (-) = no interaction detected; (+) = weak interaction; (+ + +) = strong interaction. 
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Figure 5. Transgenic plants expressing 10A06 stimulated the expression of SPDS2 and exhibited 
significantly higher Spd content and PAO activity than the wild type. 
(A) Upregulation of SPDS2 in response to H. schachtii infection. qPCR was used to quantify SPDS2 
expression levels in wild-type and transgenic plants expressing 10A06 (line 12-12) under non-infected 
and infected conditions (3 and 7 dpi). Data obtained from three biologically independent experiments 
show higher SPDS2 expression level in the transgenic plants than in wild type under both infected (3 
and 7 dpi time points) and non-infected conditions. Arabidopsis actin 8 as was used an internal 
control to normalize gene expression level.  
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Figure 5. (continued) 
(B) Transgenic plants expressing 10A06 contained significantly higher Spd content than wild-type 
plants. Free Spd level was quantified in tissue samples collected from wild-type and transgenic plants 
expressing 10A06 (line 12-12) under non-infected and infected conditions (7 dpi) using HPLC. The 
values are reported in nanomoles per gram fresh weight (FW). Data are presented as mean of four 
biologically independent experiments ± SE. Asterisk indicates statistically significance difference 
from wild-type plants at P < 0.01. 
(C) Transgenic plants expressing 10A06 exhibited higher PAO activity than wild-type plants. PAO 
activity was measured in tissue samples collected from wild-type and transgenic plants expressing 
10A06 (line 12-12) under non-infected and infected conditions (7 dpi) using a spectrophotometer. 
PAO activity levels are expressed on a fresh weight (FW) basis. Data are presented as mean of three 
biologically independent experiments ± SE. Asterisk indicates statistically significance difference 
from wild-type plants at P < 0.01 
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Figure 6. Histochemical localization of GUS activity directed by SPDS2 promoter:GUS fusions in 
transgenic Arabidopsis plants.  
Multiple transgenic T3 lines expressing the SPDS2 promoter:GUS construct were generated and the 
expression of the reporter gene was histochemically assayed in both infected and non-infected plants. 
(A and B) GUS staining in vascular leaf (A) and root (B) tissues of non-infected plants. (C-D) GUS 
staining in H. schachtii-induced feeding sites 3 dpi (C), 7 dpi (D), and 14 dpi (E). N = nematodes, S= 
syncytium.  
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Figure 7. Expression profile of key genes involved in polyamine biosynthesis in response to H. 
schachtii infection.  
The mRNA expression level of ADC1, ADC2, SPDS1, SAMDC, ACL5 and SPMS was measured by 
qPCR in wild-type (Col-0) root tissues. Infected and non-infected tissues were collected at 3, 7, and 
14 dpi. The fold-change values were calculated using the 2-∆∆CT method and represent changes of 
mRNA abundance in infected tissues relative to non-infected control. Data are the average of three 
independent biological experiments, each consisting of four technical replicates. Arabidopsis actin 8 
was used as an internal control to normalize gene expression level.  
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Figure 8. Effects of SPDS2 expression changes on H. schachtii susceptibility. 
(A) Response of spds2 mutant alleles to H. schachtii infection. The spds2 knockout mutant alleles 
(spds2-1 and spds2-2) and wild-type (Col-0) plants were planted on modified Knop’s medium, and 2-
week-old seedlings were inoculated with ~250 surface-sterilized J2 H. schachtii. Three weeks after 
inoculation, the number of J4 female nematodes per root system was counted. Data are presented as 
the mean ± SE. Identical results were obtained from at least three independent experiments. 
(B) Transgenic Arabidopsis plants overexpressing SPDS2 showed increased susceptibility to H. 
schachtii. Homozygous T3 lines overexpressing SPDS2 (lines 5-6, 6-5, 10-6 and 4-6) were assayed 
for nematode susceptibility as indicated in (A). Data are presented as the mean ± SE. Mean values 
significantly different from the wild type (Col-0) as determined by unadjusted paired t tests (P < 0.05) 
are denoted by an asterisk. Identical results were obtained from at least two independent experiments. 
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Figure 9. Activation of antioxidants gene expression in transgenic plants overexpressing SPDS2 or 
10A06 in response to H. schachtii infection.  
(A) and (B). The mRNA expression level of CAT1, CAT2, GPX2, GPX6, APX1 and APX3 was 
measured by qPCR in transgenic plants overexpressing SPDS2, (line 6-5) (A) or expressing 10A06 
(line 12-12) (B). Two-week-old plants were inoculated with ~250 surface-sterilized J2 H. schachtii. 
Plant tissues were collected 7 d after inoculation. The fold-change values were calculated using the 2-
∆∆CT
 method and represent changes of mRNA abundance in infected tissues relative to infected wild-
type controls. Data are the average of three independent biological experiments, each consisting of 
four technical replicates. Arabidopsis actin 8 as was used an internal control to normalize gene 
expression level. 
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CHAPTER 5. THE INTERACTION OF ARABIDOPSIS 14-3-3Ű WITH AN EFFECTOR 
PROTEIN FROM THE CYST NEMATODE HETERODERA SCHACHTII 
INDUCES A GENERAL DEFENSE RESPONSE 
 
A paper prepared for submission to Plant Journal 
 
Peter Howe, Tarek Hewezi Tom R. Maier, Richard S. Hussey, Melissa Goellner Mitchum,  
Eric L. Davis and Thomas J. Baum 
ABSTRACT 
Cyst nematodes are some of the most destructive plant pathogens. These biotrophic parasites 
form elaborate feeding sites, syncytia, in the roots of their host plants and remove valuable nutrients 
from the plant. During the formation of the syncytium the nematode secretes effector proteins into 
root cells, which causes extensive molecular changes in the cell and allows the parasite to manipulate 
cellular processes. In this study we have worked to characterize the sugar beet cyst nematode effector 
protein 4D09 with the goal to investigate its role in parasitism. For this purpose we expressed 4D09 in 
the host plant Arabidopsis to assess phenotypic plant changes that could reveal this effector’s 
functions. Furthermore, when using a Yeast Two-Hybrid approach we found that 4D09 interacts with 
an Arabidopsis protein, 14-3-3Ű, that has been shown to be involved in a multitude of molecular 
processes. The interaction between these two proteins appears to cause a general defense response in 
the host. 
INTRODUCTION 
Among of the world’s most agronomically important and destructive plant pathogens are the 
cyst nematodes.  In the United States, the soybean cyst nematode  Heterodera glycines, can cause up 
to one billion dollars in damage annually (Wrather and Koenning, 2006). These devastating 
pathogens are endoparasitic biotrophs that operate by penetrating the plant root and migrating until 
they find a location suited to forming their permanent feeding site or syncytium.  The syncytium is 
made up of fused root cells that have undergone extensive molecular modifications including 
endoreduplication, increased density of the cytoplasm and enhanced metabolic activity (Williamson 
and Hussey, 1996b).  
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The nematode induces these significant changes by secreting effector proteins (Davis et al., 
2000b; Baum et al., 2007) into the feeding cell via its stylet, the needle-like protrusion that serves as 
its primary tool not only for effector secretion, but also nutrient uptake and a mechanical means to 
penetrate cell walls.  The secreted effector proteins are synthesized in the nematode’s large 
esophageal gland cells and characteristically have an N-terminal signal peptide to target them to the 
secretory pathway (Qin et al., 2000; Wang et al., 2001). The effectors are suspected to set off a series 
of signalling cascades that inhibit plant defenses, modify the plant cell walls and aid in the formation 
of the syncytium (Davis et al., 2004; Baum et al., 2007; Davis et al., 2008; Hewezi et al., 2008b; 
Hewezi et al., 2010). A large set of these proteins have been cloned, but it is still unknown what most 
of their functions are once secreted into the plant (Gao et al., 2001; 2003; Davis et al., 2004). Those 
proteins that have no homology to other known proteins are termed pioneers (Davis et al., 2000b; 
Gao et al., 2003; Baum et al., 2007). Characterizing nematode effector proteins is a challenging 
proposition due to the difficulty involved in transforming the pathogen.  One of the most promising 
techniques to come along recently was the advancement of RNAi.  In the root-knot nematode (RKN) 
Meloidogyne incognita, RNAi proved to be extremely effective.  Silencing one small effector protein 
(16D10) via host induced gene silencing virtually eliminated RKN from the root system (Huang et 
al., 2006). In cyst-nematodes, RNAi has been significantly less effective.  Generally, only modest 
decreases in susceptibility have been reported (Bakhetia et al., 2008; Sindhu et al., 2009). 
A few of the cloned effector genes have been functionally characterized and have been shown 
to play a number of different roles in parasitism.  One of them is a CLAVATA3 ⁄ ESR (CLE)-like 
peptide that has been shown to complement clavata 3 knockout mutants in Arabidopsis (Mitchum et 
al., 2008; Wang et al., 2010). CLE peptides are important proteins in plants that play a critical role in 
growth and development.  This is a remarkable example of ligand mimicry at the molecular level 
between the nematode and the plant. Another effector protein, cellulose binding protein (CBP), was 
shown to be involved in modifying the cell walls of the nematode syncytium via its interaction with a 
pectin methyl esterase protein (Hewezi et al., 2008b).  CBP was one of the first nematode effector 
proteins to be thoroughly characterized including the discovery of its interacting partner in the 
syncytium.  A common target of plant pathogens is the plant’s defenses.  One recently characterized 
effector protein, 10A06, was shown to bind with a spermidine synthase protein (SPDS2), which is an 
important component in the biosynthesis of polyamines.  Expression of 10A06 in Arabidopsis 
stimulated expression of a number of antioxidant genes and increased susceptibility to nematodes.  
These responses were similar to the over-expression of its interacting partner SPDS2 (Hewezi et al., 
2010).  A final example, 4FO1 is a nematode effector protein that is an annexin-like peptide.  
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Annexin proteins are important calcium and phospholipid binding proteins.  When 4FO1 was 
expressed in Arabidopsis, the plants showed an increase in susceptibility to infection, and expression 
of 4F01 was able to complement the knockout mutant phenotype of annexin AnnAt1 (Patel et al., 
2009). 
The nematode effector proteins characterized to date are only a small portion of those 
suspected to be involved in the extensive changes that occur in the syncytium, and those still to be 
characterized have little or no similarity to other known proteins. A number of studies have shown the 
extensive gene expression changes that occur after nematode infection and in the syncytium itself 
(Puthoff et al., 2003; Khan et al., 2004; Ithal et al., 2007; Klink et al., 2009; Szakasits et al., 2009). 
One manner in which the nematode can manipulate plant gene expression is for effector proteins to be 
targeted to the plant nucleus (Elling et al., 2007a). Once there, they can regulate gene transcription 
directly either by manipulating or acting as transcription factors.  Effectors acting as transcription 
factors is a phenomena that has been shown in bacterial systems via the Transcription Activator Llike 
Effectors or TALEs (Moscou and Bogdanove, 2009; Bogdanove et al., 2010).  These secreted 
bacterial proteins can bind plant DNA sequences and act as transcription factors thereby manipulating 
plant gene expression.  Another way for the pathogen to change gene expression patterns infection is 
the manipulation of plant small RNAs (Padmanabhan et al., 2009; Ruiz-Ferrer and Voinnet, 2009).  
This has been shown to occur in cyst nematodes (Hewezi et al., 2008a).  Those effectors not targeted 
to the nucleus likely interact with plant proteins in the cytoplasm in order to facilitate the extensive 
molecular changes observed in the feeding site. 
In the current study, we characterized a protein called 4D09.  The 4D09 gene was shown to 
be expressed in the early stages of nematode development in H. glycines (Gao et al., 2003; Elling et 
al., 2007b).  We identified sugar beet cyst nematode (Heterodera schachtii), homologues and 
characterized their role in parasitism using Arabidopsis as a model system.  It became clear that 4D09 
specifically interacts with the Arabidopsis 14-3-3Ű protein and this specific interaction had 
discernable effects on the plant’s susceptibility to nematodes.  Our results allow the postulation of 
potential downstream effects that stem from the interaction between 14-3-3Ű protein and 4D09. 
RESULTS 
Identification and Developmental Description of 4D09 in Heterodera schachtii 
4D09 was originally identified from a gland cell cDNA library from H. glycines, the soybean 
cyst nematode (Gao et al., 2003). We set out to identify homologous sequences of 4D09 from H. 
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schachtii, (Hs) the sugar beet cyst nematode, which efficiently parasitizes Arabidopsis, in order to use 
the Arabidopsis/H. schachtii pathosystem to functionally characterize this nematode effector protein. 
The two isoforms Hs-4D09-1 and Hs-4D09-2 were isolated from H. schachtii cDNA pools using 
primers designed to the untranslated regions of the H. glycines 4D09 cDNA.  Hs-4D09-1 and 4D09-2 
code for 166 and 137 amino acid proteins, respectively, with N-terminal signal peptides of 20 amino 
acids for secretion.  The two isoforms share 63% sequence identity (Supplemental Figure 1).  
Sequence comparison of the coding sequences revealed that Hs-4D09-1 shares 94% identity with its 
H. glycines homolog whereas 4D09-2 is more divergent sharing only 64% sequence identity with H. 
glycines 4D09  (Supplemental Figure 1).  Blast analysis of the Hs-4D09 variants against GenBank 
databases, including the recently available root-knot nematode Meloidogyne incognita and M. hapla 
genomes (Abad et al., 2008; Opperman et al., 2008) revealed no similarity to other proteins 
suggesting that 4D09 is a cyst nematode-specific protein.  Hs-4D09-1 was used as the primary gene in 
all subsequent characterization.   
A primary characteristic of nematode effector genes is exclusive expression in the gland cells 
with expression levels peaking during the parasitic stages.  Thus, we used in situ hybridization and 
quantitative real time RT-PCR (qPCR) to localize and quantify the abundance, respectively, of Hs-
4D09 during the H. schachtii life cycle stages. qPCR assessment of Hs-4D09 mRNA expression 
during six different life stages of H. schachtii revealed highest expression in the parasitic second-
stage (J2) and third-stage juveniles (J3) (Figure 1B), suggesting a role early in the infection process 
during the initiation and formation of the syncytium. In situ hybridization using digoxigenin-labeled 
antisense cDNA probes of Hs-4D09 showed strong and specific accumulation of Hs-4D09 mRNA in 
the dorsal gland cell of H. schachtii (Figure 1A).  In addition, an anti-4D09 peptide antibody was 
found to label the dorsal gland cell and its extension (Figure 1C) providing circumstantial evidence 
for the secretion of this effector protein into plant cells and tissues. Taken together, these data indicate 
that 4D09 is a dorsal gland cell-localized protein that is highly abundant and secreted into host tissues 
during early stage of infection.     
 
Expressing 4D09 in Arabidopsis Changes Plant Morphology and Decreases Nematode 
Susceptability 
In order to understand the role of 4D09 in plant cells during parasitism, we expressed the Hs- 
4D09-1 and Hs- 4D09-2 coding sequences  without the signal peptide in Arabidopsis under the 
control of Cauliflower Mosaic Virus 35S promoter.  Multiple independent homozygous T3 lines were 
generated for each construct and used for phenotypic analyses. While no obvious differences were 
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observed between the shoots of the transgenic plants expressing Hs- 4D09 and the wild type, Hs- 
4D09 exhibited a significant effect on root growth. Overexpression of Hs- 4D09 produced roots 
significantly shorter than the wild type ranging between 74% ± 9.6 and 76% ± 6.3 for Hs-4D09-1 and  
between 59%  ± 9.2 and 75%  ± 4.2 for Hs-4D09-2 relative to wild-type controls (Figure 2A).  
With the goal of understanding the effect of 4D09 on parasitism, we infected ten day-old 
homozygous 4D09-expressing T3 lines with J2 H. schachtii, and three weeks after infection the 
number of adult females per root system was counted and used to quantify the susceptibility level. All 
transgenic lines expressing Hs-4D09-1 (lines 1-5, 4-1, 16-2) or Hs-4D09-2 (lines 9-2, 2-8, 19-2) 
supported significantly fewer numbers of females than wild-type plants Figure 2B). The significant 
changes in root growth and nematode susceptibility indicate that the Hs-4D09 variants are functional 
in the plant cells limiting H. schachtii parasitism. 
4D09 Interacts with an Arabidopsis 14-3-3 Protein  
To identify potential host proteins that interact with 4D09 we used yeast two-hybrid (Y2H) 
analysis to screen more than 15 million yeast colonies from Arabidopsis prey libraries constructed 
from H. schachtii-infected root tissues (Hewezi et al., 2008).  After the intial screen, we identified 15 
distinct clones of candidate prey proteins that were able to grow on the selective medium. These 
interactions were further confirmed by cotransformation and α-galactosidase (α-Gal) quantitative 
assays, in which yeast AH109 cells were co-transformed with the prey plasmids and Hs-4D09 bait 
vector. Also, yeast cells were co-transformed with the prey plasmid along with either the empty bait 
vector or a bait vector containing the human Lamin C gene to eliminate non-specific interactions. 
Only one prey clone co-transformed with Hs-4D09-1 bait vector was able to grow on selective 
medium and activate the MEL 1 reporter gene to high levels in α-Gal quantitative assays (Figure 3B). 
This clone encoded general regulatory factor 10 (14-3-3Ű protein, AT1G22300). To further 
substantiate our findings, the co-transformation experiments were also performed with Hs-4D09-2 
and similar results were obtained, indicating that the interaction between 4D09 and Arabidopsis 14-3-
3Ű is consistent between both homologues.  The interaction between 4D09 and 14-3-3Ű in planta was 
further substantiated using a bimolecular fluorescent complementation (BiFC) assay (Citovsky et al., 
2006), in which Hs-4D09-1 (minus signal peptide) and 14-3-3Ű coding sequences were fused to the 
C-termini of two non-fluorescent N- or C-terminal halves of YFP, respectively, and co-expressed in 
onion epidermal cells via biolistic bombardment.  The protein-protein interaction between 14-3-3Ű 
and Hs-4D09 allowed the two halves of YFP to reconstitute and fluoresce in the cytoplasm of the 
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onion cells (Figure 3C).  Cells bombarded with either Hs-4D09 or 14-3-3Ű in combination with 
unrelated proteins fused with YFP halves showed no YFP activity.  Because the Arabidopsis 14-3-3 
family contains 13 actively transcribed genes we tested whether Hs-4D09 also interacted with other 
14-3-3 gene family members. Therefore, we cloned four 14-3-3 genes (omicron, omega, nu and 
kappa) that belong to four different evolutionary clades (Rosenquist et al., 2001) in the prey vector 
and used for yeast co-transformation assays along with Hs-4D09-1 and -2 as bait. None of these 14-3-
3 proteins showed an interaction above the background level of the negative controls demonstrating 
the specificity of the interaction between Hs-4D09 and 14-3-3Ɛ. 
 
14-3-3Ű is Expressed in the Syncytium 
If in fact the 4D09/14-3-3 interaction is relevant to parasitism, the 14-3-3Ű gene must be 
expressed in the syncytium, the only tissue where both proteins could overlap. To this end, we 
generated transgenic lines expressing a 14-3-3Ű promoter:GUS construct, and the expression of the 
reporter gene was then tracked in Arabidopsis plants under both infected and non-infected conditions.   
In non-infected plants, GUS activity was detected in the tips of the leaves and in various parts of the 
plant root including root tips and the vascular region of young roots (Figure 4 A and B). In infected 
plants, a strong GUS expression was observed in the nematode feeding sites at 4 and 7 dpi (Figure 4 
C and D).  During the later stages of infection (14 dpi) no GUS expression was observed in the 
feeding sites.   The strong induction of GUS in the feeding site is consistent with our earlier 
hypothesis that 4D09 interacts in planta with 14-3-3Ɛ.  Also, as postulated from the 4D09 expression 
pattern, this interaction may be of importance in the early stages of parasitism. 
 
Manipulating the Expression of 14-3-3Ű Affects Morphological Phenotypes and Pathogen 
Susceptibility  
To provide evidence of the functional roles of 14-3-3Ű in the interaction between Arabidopsis 
and H. schachtii we manipulated this gene’s expression using both knockdown and overexpression 
approaches. We first overexpressed 14-3-3Ű in the Arabidopsis Columbia-0 (Col-0) background using 
the Cauliflower mosaic virus 35S promoter, and three independent homozygous T3 lines (lines 17, 
27, and 44) were selected and phenotypically investigated. While we did not observe obvious 
morphological changes in the shoots of these three overexpression lines compared with Col-0 wild-
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type plants under standard growth conditions, a clear effect of 14-3-3 overexpression on root 
development was detected. All tested lines produced significantly shorter roots than those of the wild-
type control (Figure 5C). When these homozygous lines were assayed for nematode susceptibility, 
two out of the three lines showed statistically significant decreases in susceptibility to H. schachtii 
relative to the wild-type control (Figure 5D) while the third line showed the same trend of reduction.  
Second, we identified 3 independent T-DNA insertional mutant alleles (Salk 082547, 
CS834848 and CS826658) from The Arabidopsis Information Resource (Alonso et al., 2003) 
(Supplemental Figure 2). These mutants had 14-3-3Ű gene expression levels between 2% and 13% of 
wild type plants.  Characterization of these mutant lines revealed the exact opposite phenotype of the 
14-3-3E overexpression lines. We found that the root length of two mutant lines (CS834848, 
CS826658) was significantly longer than that of the wild type (Figure 5A) while the third (Salk 
082547) was similar to the wild type. The mutants lines were also assayed for nematode susceptibility 
in two independent experiments and all three alleles were found to be significantly more susceptible 
to H. schachtii than the wild type (Figure 5B). The fact that the transgenic lines over-expressing 14-3-
3 Ɛ showed the same phenotypes of short roots and reduced nematode susceptibility as the transgenic 
plants expressing 4D09 while the 14-3-3Ű mutant lines showed the inverse strongly suggests that 
4D09 exerts its functional role in decreasing plant susceptibility to H. schachtii through increasing 
14-3-3Ű expression or activity.  
14-3-3Ű mutation reduces Phenotypic Effects of Hs-4D09 
In order to establish whether or not the interaction between Hs-4D09 and 14-3-3Ű was the 
exclusive reason for the observed morphological and susceptability phenotypes, we overexpressed 
Hs-4D09-1 in the 14-3-3Ű mutant (CS826658).  Four T3 homozygous lines with high Hs-4D09 
mRNA expression levels were identified and used for phenotypic analysis.  Interestingly, these lines 
produced roots that were slightly shorter than that of the wild-type control but this reduction in root 
length was not as evident as in the Hs-4D09 overexpression lines. In other words, overexpression of 
Hs- 4D09 in 14-3-3Ű mutant background produced plants with an average of 10.5% decrease in root 
length while overexpression of Hs-4D09 in Col-0 background produced plants with an average of 
26% decrease in root length (Figure 6A). When these lines were assayed for nematode susceptibility 
no statistically significant differences between the assayed lines and the wild-type control were 
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detected (Figure 6B). These data strongly support our previous conclusion that Hs- 4D09 requires 14-
3-3Ű to a large extent to exert its mode of action.  
The Arabidopsis 14-3-3Ű Interactome 
14-3-3 proteins are general regulators that control numerous cellular processes. To gain 
insight into the downstream signaling of 14-3-3Ű we used a Y2H screen to identify proteins that 
interact with 14-3-3Ɛ. In this experiment we used 14-3-3 as bait to screen the three Arabidopsis Y2H 
prey libraries mentioned above (Hewezi et al., 2008).  We identified 90 clones as potential interactor 
(prey) protein in the initial screen. The specificity of these putative interactions was further examined 
using yeast co-transformation assay, α-Gal quantitative assays and BiFC ultimately resulting in only 
10 proteins that specifically and consistently interacted with 14-3-3Ű (Supplemental Table 1). One of 
these interactors is a lysine decarboxylase (LDC, AT5G11950), a key enzyme of polyamine 
biosynthesis, specifically the conversion of lysine to cadaverine a compound similar to putrescine.  
To investigate whether the expression of LDC is affected by Hs-4D09 or its interactor 14-3-
3Ɛ, we used qPCR to quantify the mRNA level of LDC in the transgenic plants expressing Hs-4D09-
1 as well as in the 14-3-3Ű mutant (CS826658). Data from three biological samples revealed higher 
LDC expression levels in the transgenic plants than in the wild type (Figure 7B). In contrast, the 
mRNA abundance of LDC was significantly lower in the 14-3-3Ű mutants than in the wild-type plants 
(Figure 7B). While these data strongly suggest substantial effects of Hs-4D09 and its interactor 14-3-
3E on LDC gene expression, they also give rise to the question whether LDC mRNA expression level 
is modulated in response to nematode infection as well. To this end, we used both qPCR and 
promoter activity assays to test whether LDC changes expression in response to H. schachtii 
infection.  We first measured LDC gene expression level in root tissues of wild-type plants at 7 dpi, 
and data obtained from three independent experiments revealed strong upregulation of 8.7 fold in the 
infected roots relative to non-infected controls. Second, we generated multiple transgenic lines 
expressing a LDC promoter:GUS construct, and GUS activity was assayed in both non-infected and 
infected plants. In non-infected plants, GUS staining showed expression patterns similar to that of 14-
3-3Ű promoter in root tissues (Figure 7C). Interestingly, in infected plants LDC promoter exhibited 
strong GUS activity in the H. schachtii-induced feeding sites at 4, 7 and 14 dpi (Figure 7C). Taken 
together these data provide strong evidences for the implication of LDC in cyst nematode parasitism 
and this implication may in fact be dependent on the 4D09/14-3-3Ű interaction 
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Identification of the Pathways Regulated by 14-3-3Ű and Hs-4D09 using Microarray Analysis 
Given the fact that 14-3-3Ű  is involved in a number of cellular and molecular processes, we 
wanted to discover which were the source of the phenotypes observed in both the plants expressing 
Hs-4D09 and those over-expressing 14-3-3Ɛ.  In order to elucidate this pathway, we utilized 
microarray analysis to identify genes that are differentially expressed in both of these transgenic lines.  
When compared to wild-type plants, the lines expressing 14-3-3Ű had 7,133 genes that were 
differentially expressed (supplemental table 2) compared to 445 in the plants expressing Hs-4D09-1 
(supplemental table 3). 247 genes were differentially expressed in both treatments.  Due to the fact 
that both treatments had the same phenotypes and that we expect both treatments to regulate 
overlapping pathways, we were most interested in the 165 genes that were regulated in the same 
direction in both treatments.  Of those, 79 were up-regulated and 86 down-regulated (supplemental 
table 4).  
The functions of the differentially regulated genes were annotated using the gene ontology 
tools (The Arabidopsis Information Resource, http://www.Arabidopsis.org) and after further analysis, 
a number of pathways appear to be the common targets of these two proteins.  It was evident that both 
Hs-4D09 and 14-3-3Ű initiate a general stress and defense response in plants, with a number of genes 
involved in the regulation of Jasmonic (JA) and Salacylic Acid (SA) synthesis and signaling.  In 
addition to these defense pathways, there also were seven cytochrome P450 and two lipase genes that 
were induced.  These protein families have also been shown to be involved in response to stress and 
defense (Howe and Schilmiller, 2002; Shah, 2005; Kachroo and Kachroo, 2009; Pinot and Beisson, 
2011).  Other categories highly represented corresponded to metabolism, transcription factor activity, 
enzyme activity, oxidoreductase activity, protein transport and zinc binding.  These data provide 
strong support for the hypothesis that 4D09 and 14-3-3Ű are involved in overlapping pathways .        
4D09 from SCN interacts with 14-3-3Ű Orthologs from Soybean 
Since H. glycines and H. schachtii are two closely related cyst nematode species it was of 
interest to test whether the interaction between Hs-4D09 and Arabidopsis 14-3-3Ű is also conserved in 
the H. glycines/soybean pathosystem. To this end, the H. glycines 4D09 (Hg- 4D09) was cloned into 
the Y2H bait vector while three soybean 14-3-3 orthologs (U70536.1, BT098814.1, BT097681.1) 
showing the closest sequence similarity to Arabidopsis 14-3-3Ɛ, were cloned into the Y2H prey 
vector.  Yeast cells were co-transformed with both bait and prey plasmids and the interaction between 
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bait and prey proteins was assayed by plating the transformed cells onto the selective medium and 
quantified by α-Gal activity produced by at least 5 colonies. Interestingly, all yeast colonies 
containing any of the three soybean 14-3-3 orthologs were able to grow on the selective medium and 
induced the alpha gal reporter gene when co-transformed with Hg-4D09, but not when co-
transformed with the control vectors (supplemental fig 3). These data suggest that 4D09 has a 
conserved mode of action across both nematode species  
 
DISCUSSION 
 
Recently, it has become evident that many cyst nematode effectors contribute to the 
establishment of infection by manipulating host cell functions and activities. Host plants, on the other 
hand, sense these manipulations and initiate an array of defense responses to prevent pathogen 
invasion. To counter this defense strategy, pathogens have evolved to overcome host defense 
responses in order to mediate susceptibility and to direct host cells for their own benefit (Dangl and 
Jones, 2001). While knowledge of the mode of action of cyst nematode effector proteins has emerged, 
the molecular mechanisms by which these effectors regulate defense responses remain unknown. In 
this study, we describe the functional characterization of the H. schachtii effector protein 4D09. We 
show that Hs-4D09 is produced specifically in the dorsal esophageal gland cell of the nematode and is 
secreted into host cells where it binds to 14-3-3Ű and directly or indirectly controls the expression of a 
set of genes that are mainly involved in basal defense responses. 
In contrast to previous studies in which expression of H. schachtii effector genes in 
Arabidopsis resulted in increased nematode susceptibility (Hewezi et al., 2008b; Patel et al., 2009; 
Hewezi et al., 2010), we found that ectopic expression of Hs-4D09 in Arabidopsis led to significant 
decrease in nematode susceptibility. 14-3-3Ű overexpression lines showed the same phenotypes, 
fewer nematodes and shorter roots, as the plants expressing the nematode effector Hs-4D09.  The 14-
3-3 mutants, however, exhibited the inverse phenotype of longer roots and increased susceptibility. 
These results provide evidence that the interaction between 14-3-3Ű and Hs-4D09 is the basis of the 
reduced nematode susceptibility in the Hs-4D09 expressing plants.  In these plants, we suspect Hs-
4D09 functions in activating 14-3-3Ű resulting in the downstream events that limit nematode 
parasitism. These data give rise to the question of what is the selective advantage for the nematode to 
produce effector proteins that contribute to host resistance while the primary roles of nematode 
effector proteins is believed to manipulate various host pathways contributing to success of pathogen 
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infection. It is known that many effector proteins from various pathogens including plant-parasitic 
nematodes could target several host factors and, therefore, we assume that 14-3-3Ű is not the sole 
target of Hs- 4D09. If in fact our hypothesis that 14-3-3Ű is not the only target of Hs-4D09 and Hs-
4D09 targets other host factors to promote pathogenicity is valid, then expressing Hs-4D09 in plants 
lacking 14-3-3Ű would promote plant susceptibility equal to or higher in magnitude than in wild-type 
plants. Our data show that expression of Hs-4D09 in 14-3-3Ű mutant background produced plants 
with similar susceptibility to nematode infection as wild-type plants.  In other words, expression of 
Hs-4D09 in the absence of 14-3-3Ű prevents the contribution of the Hs-4D09/14-3-3Ű binding unit to 
limit cyst nematode infection. The fact that we observed a trend of weak but not significant increase 
in plant susceptibility in the Hs-4D09 plants that lack 14-3-3Ű suggests that Hs-4D09 could promote 
nematode virulence in the absence of 14-3-3Ű.  This can be explained by the fact that the 14-3-3Ű 
mutant is not a complete loss-of-function allele and low amounts of 14-3-3Ű can interfere with 
efficient recognition between Hs-4D09 and host susceptibility factors. Another explanation is that 14-
3-3Ű proteins are known to act in functionally redundant manners and thus the 14-3-3Ű single mutant 
could possibly be functionally replaced to some extent by other members. However, the pathogenicity 
effect of Hs-4D09 in the absence of other 14-3-3 family members remains to be determined.  
These data evoke the question of whether 14-3-3Ű acts as protein to prevent or sense the 
physical interaction between the Hs-4D09 and speculated host susceptibility factors. It has been 
shown that host cells initiate resistance by acting as decoys to the effector targets (Dangl and Jones, 
2001; van der Hoorn and Kamoun, 2008).  The fact that 14-3-3 proteins function as general regulators 
of a wide range of physiological processes (DeLille et al., 2001; Sehnke et al., 2002; Schoonheim et 
al., 2007) makes them ideal decoy candidates.  Slight manipulation of 14-3-3Ű by Hs-4D09 could 
activate the surveillance system of host cells to trigger signaling pathways that limit pathogen 
success. However, we don’t know how Hs-4D09 alters 14-3-3Ű in a way that activates host defenses. 
It is possible that 14-3-3Ű/Hs-4D09 binding affects the functional conformation of 14-3-3Ű and 
therefore its ability to interact with downstream components.  14-3-3 proteins function as homo or 
hetero dimers and their unique protein structure gives them multiple peptide-binding grooves 
allowing 14-3-3 proteins to interact with multiple proteins at the same time or one protein in multiple 
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locations (Bing Xiao, 1995; Braselmann and McCormick, 1995). We used 14-3-3Ű as bait in yeast 
two-hybrid screen and a set of interactors that could be associated with 14-3-3Ű functions in response 
to nematode infection was identified (Supplemental Table ). 14-3-3Ű seems to function in several 
signaling pathways, based on the numerous protein associations. However, the functional importance 
of these protein associations for nematode parasitism or host resistance needs to be elucidated. One of 
these interactors is a lysine decarboxylase (LDC), a key enzyme involved in polyamine biosynthesis 
specifically via the production of cadaverine (Gamarnik and Frydman, 1991; Walters, 2003).  The 
LDC promoter was upregulated in syncytia upon nematode infection. In addition, its expression was 
oppositely regulated in 14-3-3Ű mutants and Hs-4D09 expressing plants. Also, the polyamine 
pathway has been shown to be altered by H. schachtii effector 10A06 (Hewezi et al., 2010) and could 
be indirectly targeted by Hs-4D09 as well through 14-3-3Ɛ.  
To gain further insights into the function of 14-3-3Ű during nematode parasitism, we 
compared the transcriptomic changes caused by 4D09 and 14-3-3Ű overexpression. As our results 
provide strong genetic and molecular evidence that 4D09 functions in the activation of 14-3-3Ɛ, we 
expected that 4D09 would cause gene expression changes that could be in common with 14-3-3Ű 
overexpression.  Out of 445 genes identified as differentially expressed in 4D09 lines, 165 were found 
to be regulated similarly in 14-3-3Ű overexpression plants, suggesting that the elevated expression 
level of 14-3-3Ű contributes to a large portion of the 4D09 phenotypes.  When we compared these 165 
overlapping genes with the 7,225 syncytium-regulated genes identified during the compatible 
interaction of Arabidopsis and H. schachtii (Szakasits et al., 2009), the majority of the genes (119 
genes, 72%) had the opposite expression patterns or did not change in the compatible interaction. 
While these genes are mainly involved in or associated with defense and stress responses, the 
descripency in the expression of the genes in 14-3-3Ű and 4D09 lines provides an indication of the 
molecular basis of host response to a specific cyst nematode-encoded effector and explains the 
decreased suceptibility to nematode parasitism in these lines. In support of this explanation, a soybean 
homologue of Arabidopsis 14-3-3Ű was identified as one of the highly expressed genes in the 
syncytial cells undergoing resistant reactions in response to soybean cyst nematode infection (Klink et 
al., 2009). 14-3-3 proteins have also been suggested to play a role in plant defense response to other 
pathogens. A homologue of Arabidopsis 14-3-3 was rapidly induced in a resistance reaction mediated 
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by Avr9 in tomato plants carrying the Cf-9 Cladosporium fulvum  resistance gene (O'Donnell et al., 
1998). In addition, Arabidopsis 14-3-3λ was recently shown to be involved in RPW8 mediated 
resistance to powdery mildew (Xiaohua et al., 2009) and in tomato, 14-3-3 protein 7 was found to be 
involved in regulating programmed cell death (Oh et al., 2010). Another interesting observation 
revealed by our microarray analysis is that about half of the differentially expressed genes affected in 
4D09 plants are specific and cannot be explained by 14-3-3Ű gene expression changes. These data 
provide support for our hypothesis that 14-3-3Ű is not the sole target of Hs- 4D09 and that additional 
host targets do exist.  
MATERIALS AND METHODS 
Plant Materials and Growth Conditions 
Hs-4D09-1 and HS4D09-2 were expressed in Arabidopsis thaliana ecotype C24 while 
ecotype Col-0 was used for the over-expression of 14-3-3Ű and all of the promoter:GUS constructs. 
Plants were grown either in potting soil or Murashige and Skoog (MS) solidified medium containing 
2% Suc for sterile conditions. The growth chambers were set for long day conditions with 16h of light 
and 8 hours of dark at 23°C.  
Plasmid Construction and Generation of Transgenic Arabidopsis 
Full length cDNA clones were used to amplify Hs-4D09-1 and 2 without the nematode signal 
peptide. The forward and reverse primer contained BamHI and SacI sites respectively. 14-3-3Ű was 
cloned from Arabidopsis cDNA using gene specific forward and reverse primers also with BamHI 
and SacI sites. PCR amplification was done using recombinant Taq DNA polymerase from Invitrogen 
and products were digested, gel purified and ligated into the binary vector pBI121 and confirmed 
using sequencing. Promoter constructs were made by amplifying 791bp upstream of the start codon 
for 14-3-3Ɛ, and 1871bp upstream of LDC using forward and reverse primers containing HindIII and 
SalI sites for 14-3-3Ű and HindIII and BamHI sites for LDC. The purified PCR products were 
digested, gel purified and cloned into their appropriate restriction sites in binary vector pBI101 and 
verified by sequencing. All constructs were transformed into Agrobacterium tumefaciens strain C58 
using the freeze thaw method and then transformed into Arabidopsis wild-type C24 or Col0 using the 
flower dip method described by (Clough and Bent, 1998). First generation transformants (T1) plants 
were screened on MS medium containing 50mg of kanamycin and transgenic plants were selected for 
propagation. Homozygous T3 plants were selected from segregating T2 lines and used for the 
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analysis presented here. Promoter:GUS fusion experiments were carried out using the detection 
methods described by (Jefferson et al., 1987). 
Measurement of Morphological Phenotypes 
Arabidopsis seeds were surface sterilized and planted on Nunc four-well Polystyrene 
Rectangular Dishes (Thermo Fisher Scientific) containing MS medium. The plates were incubated in 
a growth chamber at 23 degrees under long day conditions. Root length was recorded by measuring 
the distance between crown and the tip of the main root at ten days after planting. Results were 
compared from three different independent experiments. Statistically significant differences between 
genotypes were determined using a t test (p, 0.01). 
Nematode Infection Assay 
All Arabidopsis seeds were surfaced sterilized and the different genotypes were planted in a 
random block design on 12-well Falcon tissue culture plates (BD Biosciences) containing modified 
Knop’s medium (Sijmons PC, 1991) solidified with Daishin agar (Brunschwig Chemie). Plates were 
incubated at 23 °C in long day conditions and after ten days seedling were inoculated with 
approximately 200 surface-sterilized second stage juvenile H. schachtii per plant, as described by 
(Baum et al., 2000). After an additional three weeks in the conditions described above adult J4 
females were counted. Mean values significantly different from wild type were determined using a 
modified t test from the statistical software package SAS (p, 0.05). 
Yeast Two-Hybrid Assays 
Yeast two-hybrid screen were performed following the protocol described in the BD 
Matchmaker Library Construction and Screening Kits user manual (Clontech). Forward and reverse 
primers containing EcoRI and PstI respectively were used to amplify the coding sequence of the 
isoforms of Hs-4D09. Clones were then fused to the GAL4 DNA-binding domain of the pGBKT7 
vector to generate pGBKT7-4D09 and the transformed into Saccharomyces cerevisiae strain Y187 to 
generate the bait strains. The prey strains used were from 3 cDNA libraries from Arabidopsis roots 
collected at 3, 7, and 10 days after inoculation with H. schachtii and then fused to the Gal 4 activation 
domain of the pGADT&-Rec2 vector previously described by (Hewezi et al., 2008b). Mating of bait 
and prey strains as well as screening for interacting colonies were preformed following the Clontech 
protocols. The potential interaction between Hs-4D09 and 14-3-3Ű as well as 14-3-3Ű and LDC was 
tested by cloning the coding sequence of 14-3-3Ű and LDC, using EcoRI and BamHI restriction sites 
for forward and reverse respectively, into the pGADT7 prey vector which fused them to the GAL4 
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DNA activation domain giving us pGADT7-14-3-3Ű and pGADT7-LDC. They were then co-
transformed into S. cerevisiae with the bait vector containing either Hs-4D09, empty bait vector, or 
Lamin C for pGADT7-14-3-3Ű or 14-3-3Ű empty vector, or Lamin C for pGADT7-LDC. The 
interaction was tested following the Clontech protocols.  
RNA Isolation and qPCR 
Total RNA was extracted from 50mg of nematode tissue using Versagene RNA Tissue Kit 
(Gentra Systems) and from plant tissue using the RNaqueouse total RNA isolation kit (ambion) 
following the manufacturers’ protocols. Total RNA was treated with deoxyribonuclease I (invitrogen) 
and ten nanograms of total RNA was used with the qScript one-step SYBR Green qRT-PCR kit from 
Quanta. Gene specific primers for Arabidopsis genes 14-3-3Ɛ, LDC and Actin (AT1G49240) and 
nematode genes Hs-4D09-1 and Actin (AY443352) were designed and PCRs were run in an iCycler 
(Bio-Rad) using the following program: 50°C for 10 minutes, 95°C for 5 minutes, then 40 cycles of 
95°C for 100 seconds and 60°C for 30 seconds. After amplification, a disassociation curve was made 
by comparing the fluorescence to temperature. The curve was based on a slow ramping of the 
temperature from 55°C to 95°C. In all experiments at least 3 biological and 4 technical replications 
were used. Actin from Arabidopsis and the nematode were used as controls to normalize gene 
expression. Statistical analysis to quantify the relative fold changes was done using the 2-∆∆CT method 
presented by (Livak and Schmittgen, 2001). 
Bio-molecular Flouresence Complimentation (BiFC) 
BiFC was used to confirm protein/protein interactions following the methods of (Citovsky et 
al., 2006). Hs-4D09 was cloned from cDNA without its signal peptide using forward and reverse 
primers containing EcoRI and XmaI and ligated into pSAT4-nEYFP-N1 to generate pSAT4-nEYFP-
4D09. Full length 14-3-3Ű was cloned into pSAT4-cEYFP-N1 using EcoRI and XmaI restriction sites 
to generate pSAT4-cEFYP-14-3-3Ű and, LDC was cloned into pSAT4-nEYFP-C1 using EcoRI and 
XbaI to generate pSAT4-nEYFP-LDC. Plasmids were confirmed by sequencing and then co-
expressed in onion (Allium cepa) epidermal cells via biolistic bombardment. Gold particles (1.6mm, 
Bio-Rad) for the bombardment were washed with 100% ethanol and coated with 1µg of DNA from 
each plasmid using standard procedures. The gold was then delivered from 9cm at 1100psi using a 
Biolistic Particle Delivery System PDS-1000/He (Bio-Rad). The cells were then incubated at 25°C 
for 16 hours. YFP activity was assayed using the Zeiss Axiovert 100 Inverted Light Microscope with 
appropriate YFP filters. 
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In Situ Hybridization of Hs-4D09 
Gene specific primers were used to synthesize sense and antisense probes for Hs-4D09 
labeled with digoxigenin (Roche) via PCR. H. schachtii mixed parasitic stages were used for in situ 
hybridization as described by (de Boer et al., 1998). Specimens were observed with a Zeiss Aviovert 
100 inverted light microscope after using alkaline phosphatase conjugated anti-digoxigenin antibodies 
to label the probe.  
Characterization of 14-3-3Ű Mutants 
Three independent T-DNA insertional alleles of 14-3-3Ű (14-3-3ko-1, 14-3-3ko-2, and 14-3-
3ko-3) in the Col-0 background were obtained from the SALK collection at The Arabidopsis 
Information Resource. The three lines (SALK_082547, cs834848, and cs826658) were screened by 
PCR for homozygous plants from segregating T3 populations. The T-DNA insertion for 
SALK_082547 was in the promoter region around 300 bp upstream of the start codon, cs834848 was 
approximately 150 bp upstream of the start codon also in the promoter and cs826658 is in the first 
exon around 20bp after the start codon Supplemental Figure_. qPCR was used to quantify the 
expression of 14-3-3Ű in both wildtype plants and the 14-3-3Ű ko mutants. Using forward and reverse 
primers we were able to amplify a 281-bp segment of the 14-3-3Ű coding region. This fragment was 
detected in wildtype, but found to be significantly downregulated in the ko alleles.  
Immunolocalization of 4D09 
The last bleed serum for Hg-4D09 was raised in rabbit against the synthetic peptide H2N-
KTGKSQTADEVEGFR C-CONH2 (1755.91MW) by Eurogentec (Seraing, Belgium). For the 
immunolocalization assay Sigma antirabbit IgG (whole molecule), F(ab)2 fragment FITC antibodies 
were used. In planta localization was done the same as (Wang et al., 2010) on soybean roots 5dai. 
Microarray Analysis  
Wild-type (Arabidopsis thaliana ecotypes Col-0 and C24), and transgenic plants 
overexpressing 14-3-3Ű and Hs-4D09 were grown in culture dishes on modified Knop’s medium for 2 
weeks and then root tissues were collected for RNA extraction using the method described by 
Verwoerd et al. (1989). Affymetrix Arabidopsis gene chips (ATH1) were used to compare the gene 
expression in the wild type to gene expression in the transgenic plants. Probe preparation was 
performed as described in the GeneChip® 3’ IVT Express Kit (Affymetrix, part number 901229) 
technical manual. Hybridization and washes were performed in the GeneChip facility at Iowa State 
132 
 
University as described by Affymetrix. Data were normalized using the RMA method (Irizarry et al., 
2003). A linear model analysis of the normalized data was conducted for each gene using the 
empirical Bayes method implemented in the Bioconductor R package limma (Smyth, 2004, 2005). 
Each linear model included effects for the four plant types. As part of each linear model analysis, tests 
for differential expression between Col-0 and 14-3-3Ű and between C24 and Hs-4D09 were 
conducted. The p-values from each of these tests were converted to q-values using the method of 
Nettleton et al. (2006) and used to control false discovery rate (FDR) at the 0.05 level as described by 
Storey and Tibshirani (2003).  
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Figure 1. Localization and Developmental Expression of 4D09. 
(A) Digoxigenin-labeled antisense cDNA probe (dark staining) of Hs-4D09. Staining is localized 
exclusively to the dorsal gland of BCN. No hybridization was observed with the control sense cDNA 
probe. DG = dorsal gland cell, M = metacarpus. 
(B) mRNA expression level of Hs-4D09 during six nematode developmental stages (egg, pre J2, par 
J2, J3, J4, and adult female). Expression level was quantified using qPCR with H. schachtii actin as 
an internal control for normalizing gene expression. Expression levels were calculated using the 
2-∆∆CT method. 
(C) Immunolocalization of Hg-4D09 in Heterodera glycines (fluorescent staining) using anti-rabbit 
FITC. Labelling was seen in the dorsal gland and up through the secretion pathway. Labelling was 
only seen with the last bleed serum and not with the pre-immune. 
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Figure 2. Characterization of Hs-4D09 in Arabidopsis. 
(A) Expressing Hs-4D09 in Arabidopsis decreased the plants’ root lengths. Arabidopsis plants 
expressing both Hs-4D09-1 and Hs-4D09-2 have root lengths that were statistically shorter, as 
determined by a t-test p<0.01, when compared to wild type plants at 10 days after planting. Results 
were seen in at least 3 independent lines. 
(B) Transgenic A. thaliana plants expressing Hs-4D09-1 and Hs-4D09-2 showed enhanced resistance 
to H. schachti. Homozygous T3 lines were planted on modified Knop’s medium, and two-week-old 
seedlings were inoculated with approximately 200 surface-sterilized J2 H. schachtii nematodes. Three 
weeks post inoculation, the number of J4 female nematodes was counted on each root system. Data 
are presented as the mean ± the standard error. Mean values significantly different from the wild type 
are denoted by * as determined by t-tests (P<0.05). Identical results were obtained from at least two 
independent experiments.  
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Figure 3. Hs-4D09 interacts with an Arabidopsis 14-3-3Ɛ. 
(A) Hs-4D09/14-3-3Ű interaction: Yeast strain AH109 co-transformed with bait and prey plasmids 
was plated and grown for 3 days on three synthetic dropout (SD) media (SD/-Leu/-Trp and SD/-Leu/-
Trp/-His/-Ade). Bait and prey protein/protein interactions resulted in the activation of the Ade and His 
nutritional selective genes. 
(B) α-Gal quantitative assays were used to substantiate the Hs-4D09/14-3-3Ű interaction: Yeast strain 
AH109 was co-transformed with the prey plasmid in combination with either the Hs-4D09-bait 
vector, pGBKT7-lam (expressing lamin C as a GAL-4 DNA-BD fusion), or the empty pGBKT7 bait 
vector and plated on SD/-Leu/-Trp. Three days after culture, 10 separate colonies per combination 
were picked to quantify the interaction using α-galactosidase activity. Activity was seen only in yeast 
cells containing the 14-3-3Ű-prey plasmid and the Hs-4D09-bait vector.  
(C) BiFC visualization was used to confirm the Hs-4D09/14-3-3Ű interaction: Onion epidermal cells 
were co-bombarded with constructs expressing the nEYFP-4D09 and cEYFP-14-3-3Ɛ. Bright field, 
YFP and overlay of bright field and YFP images were taken 20 h after bombardment. 
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Figure 4. Localization of 14-3-3Ɛ using promoter:GUS reporter fusion. 
Multiple transgenic lines were assayed histochemically for GUS reporter activity.  
(A) and (B) Show uninfected tissue with reporter gene activity evident in the tips of the leaves and the 
roots.  
(C) and (D) It is evident from the reporter gene activity that 14-3-3Ű is activated in the syncytium at 4 
and 7 dai. 
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Figure 5. Manipulation of the expression 14-3-3Ɛ. 
(A) Three independent 14-3-3Ɛ mutants were identified, two of which, CS834848, CS826658, 
produced plants with significantly increased root lengths ranging from 40.1 ± 2.1mm in CS834848 
plants to 46.7 ± 1.0 mm in CS826658 plants compared with 36.9 ± 0.7 mm in the wild-type control at 
10 d after planting, while no statistically significant differences were detected between the third allele 
(Salk 082547) and the wild type.  
(B) 14-3-3Ɛ knockout mutants showed increased susceptibility to H. schachti. Knockout lines were 
planted on modified Knop’s medium, and two-week-old seedlings were inoculated with 
approximately 200 surface-sterilized J2 H. schachtii nematodes. Three weeks post inoculation, the 
number of J4 female nematodes was assayed. Data are presented as the mean ± the standard error. 
Mean values significantly different from the wild type are denoted by * as determined by t-tests 
(P<0.05). Identical results were obtained from at least two independent experiments.  
(C) Arabidopsis plants expressing 14-3-3Ɛ have root lengths that were statistically shorter, as 
determined by a t-test p<0.01, when compared to wild type plants at ten days after planting three 
independent transgenic lines (17, 27, and 44) had roots that measured 37.8 ± 1.6, 38.5 ± 1.4, and 38.6 
± 1.3 compared to the wild type lines which measured 48.8 ± 1.8.  
(D) Transgenic A. thaliana plants expressing 14-3-3Ɛ showed an increase in resistance to H. schachti. 
Homozygous T3 lines were planted and tester the same as in (B).  
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Figure 6. Expressing Hs-4D09 in the 14-3-3 mutant. 
(A) Arabidopsis plants expressing Hs-4D09 in the 14-3-3Ɛ mutant background have rootlengths that 
were statistically shorter than those of wild-type, but not as short as plants expressing Hs-4D09 (2), 
but significantly shorter than that of the 14-3-3Ɛ mutant (3).  
(B) Expressing Hs-4D09 in the 14-3-3Ɛ mutant left the plants with susceptibility similar to that of 
wild-type (1) line x, (2) line x (3) line x.  
  
144 
 
 
 
Figure 7. The interaction between 14-3-3Ű and Lysine Decaroboxylase (LDC). 
(A) BiFC visualization was used to confirm the 14-3-3Ɛ/LDC interaction: Onion epidermal cells were 
co-bombarded with constructs expressing the nEYFP-LDC and cEYFP-14-3-3Ɛ. Bright field, YFP 
and overlay of bright field and YFP images were taken 20 h after bombardment. 
(B) mRNA expression level of LDC in infected root tissue, plants expressing Hs-4D09-1 and in the 
14-3-3ko mutant. Expression level was quantified using qPCR with A. thaliana actin as an internal 
control for normalizing gene expression. Expression levels were calculated using the 2∆∆CT
 
method. 
(C) Histochemical assay of GUS reporter gene expression driven by the promoter of LDC:GUS 
fusion. Uninfected plants show expression in the root tips and vascular tissue of young roots. Infected 
plants show GUS activity in the syncytium at all stages during nematode infection. 
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CHAPTER 6. GENERAL CONCLUSIONS 
The interaction between Heterodera schachtii (BCN) and Arabidopsis thaliana is a 
sophisticated and complex interface. As the nematode seeks to form its large nutrient-draining 
feeding site, the plant in turn tries to recognize the pathogen and activate its defenses in order to kill 
the parasite. The nematode employs a number of secreted effector proteins to accomplish its goals. 
From the work presented here, it is apparent that these proteins play diverse and essential roles in the 
parasitism process and cause extensive modifications in the host cells. Chapter two describes the 
changes the plant undergoes in its small RNA machinery during infection and how this affects the 
targets of small interfering RNAs. Chapters three through five all describe the characterization of 
effector proteins and how they modify the plant.  
THE POTENTIALLY LARGE ROLE OF SMALL RNAS  
The post-transcriptional role of small RNAs affect a vast number of plant physiological 
processes (Jones-Rhoades et al., 2006; Mallory and Vaucheret, 2006; Cuperus et al., 2011). 
The objective of our study was to determine if small RNAs function in the interaction between BCN 
and Arabidopsis. Initial experiments indicated that Arabidopsis mutants, deficient in parts of the small 
RNA machinery, showed lower susceptibility to nematode infection. Sequencing of small RNAs from 
plant roots infected with nematodes revealed a number of root expressed miRNAs. Further 
examination revealed that of the 26 miRNAs present in roots, 19 are differentially expressed after 
infection. In addition, multiple miRNA targets are also regulated during nematode infection. The 
differentially regulated miRNAs target numerous physiological processes including auxin regulation, 
growth regulating factors and scarecrow transcription factors. 
Future studies will elucidate the functions of individual miRNAs and their targets. 
Overexpression and knockout mutants of the identified miRNAs and targets are essential tools for this 
detailed characterization. These mutants can be studied for both morphological and nematode 
susceptibility phenotypes. In addition, promoter GUS fusion constructs will be instrumental in 
identifying which miRNA and essential host factors are expressed in the feeding site. Advances in 
sequencing technology make it possible to re-sequence this project allowing for more robust and 
complete identification of critical miRNAs. Deeper sequencing also allows for the relative 
quantification of each small RNA directly.  
Given that the ultimate goal of this work is to apply information to the interaction between 
soybeans and SCN, sequencing miRNAs from soybean roots would offer insight into the role of small 
RNAs in that pathosystem. Furthermore, it would be novel to compare the levels of different miRNAs 
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in resistant cultivars versus compatible interactions in order to uncover a possible role for miRNAs in 
resistance. Clearly, the nematode manipulates this critical post transcriptional regulatory pathway. 
However, up to this point, the mechanism is unknown. Determining the effector or effectors 
responsible for this interaction would be a significant discovery. 
THE FUNCTION OF CBP IN THE PLANT CELL 
The second project characterizes a nematode effector protein that was assumed to play a role 
in binding cellulose and modifying plant cell walls. This original assumption proves to be partially 
true. The actions of the nematode effector 3B05, a Cellulose Binding Protein (CBP), do indeed allow 
the worm to remodel the plant’s cell walls making them more hospitable for infection. When CBP is 
expressed in transgenic Arabidopsis plants, the plants become more susceptible to nematode 
infection. CBP acts by targeting a pectin methyl esterase (PME) protein and uses the enzyme as a tool 
in syncytium construction and cell wall modification. Over-expressing PME in Arabidopsis makes the 
plants more susceptible to infection while knocking out the gene has the inverse effect. It is possible 
to directly quantify the activity of PME and see it change in the presence of CBP. When CBP is 
expressed in the pme knockout background the plants have slightly longer roots and a nematode 
susceptibility similar to the wildtype. This explains that the interaction between CBP and PME is the 
primary source of the observed phenotypes, but might not be the sole influential factor. 
This study is one of the first thorough characterizations of a nematode effector protein. It 
demonstrates how expressing a nematode protein in the plant can change plant phenotypes and 
susceptibility. In addition, the study uncovers CBP’s interacting partner in plants (PME), not the 
expected cellulose, and characterizes its role in infection. In the future, it will be interesting to 
determine if CBP has any other targets. These additional factors could explain why the plants 
expressing CBP in the pme knockout did not have the same phenotype as the knockout mutant alone. 
The discussion of this chapter hypothesizes that the methylesterification of pectin in the cell wall 
makes it more accessible to other cell wall degrading enzymes. Further studies can address this 
question by expressing secreted cell wall modifying enzymes such as such as beta-1-4-
endoglucanases (Smant et al., 1998a; Gao et al., 2004) pectate lyases (Popeijus et al., 2000) or 
expansions (Qin et al., 2004) in conjunction with CBP. These plants have the potential to show the 
additive effects of multiple effectors and give insight into how the enzymes cooperate to modify the 
cell wall.  
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THE REGULATION OF POLYAMINE BIOSYNTHESIS BY 10A06 
Chapter 4 describes 10A06, one of the first nematode effectors implicated in manipulating 
plant defenses. Transgenic plants expressing Hs-10A06 are more susceptible not only to nematodes, 
but also bacterial and viral pathogens. A Y2H screen reveals SPDS2, a key enzyme in the polyamine 
pathway, as the target of 10A06. Overexpressing SPDS2 in plants increases their susceptibility to 
nematodes as well as inducing the expression of genes involved in antioxidant pathways. Therefore, 
we conclude that 10A06 manipulates the overall antioxidant content in the syncytium through its 
interaction with SPDS2. This interaction directly changes polyamine oxidase activity to make the host 
cell a more hospitable environment. 
The regulation of polyamine biosynthesis is not new to plant pathogens (Bouchereau et al., 
1999; Walters, 2003; Kasukabe et al., 2004), but it is a novel target for nematode regulation. Future 
projects can look in detail at the components of these pathways and characterize their role in 
infection. It is necessary to first establish which genes in these pathways are differentially regulated 
following infection and then follow up with a more comprehensive analysis of those genes and how 
their regulation subsequently affects the parasite. The detailed functional analysis can be completed 
using transgenic overexpression, knockout mutants, and promoter GUS fusions.  
THE RECOGNITION OF NEMATODES BY A GENERAL REGULATORY FACTOR 
The final project describes the characterization of another effector protein, 4D09. Early 
observations revealed that transgenic lines expressing nematode effector proteins are generally more 
susceptible to nematode infection. However, expression of Hs-4D09 in plants has the inverse 
phenotype of a significant decrease in plant susceptibility. To date, there is only one other example of 
plants expressing a nematode effector that are less susceptible to infection (Lee et al., 2011). In 
addition, the study illustrates that 4D09 interacts with a 14-3-3 protein (14-3-3Ɛ) from the plant. 14-3-
3 proteins are ubiquitous binding factors that function in numerous biological processes. 
Manipulation of the 14-3-3’s expression level indicates that plants overexpressing 14-3-3Ű had the 
same phenotypes as those expressing 4D09. A microarray experiment uncovered the associations 
responsible for the phenotypes in the 14-3-3 and 4D09 overexpression lines. These studies reveal that 
both transgenic lines incur general stress and defense responses that are exceptionally dissimilar to 
the gene expression profiles of syncytial cells in compatible interactions (Szakasits et al., 2009). It is 
subsequently clear that the plant is either recognizing the presence of the effector, 4D09, via the 14-3-
3 protein and initiating a defense response, or the nematodes manipulation of 14-3-3 and its 
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downstream targets is perceived by the plant, setting off the defense response. This leads to a final 
hypothesis that suggests the 14-3-3 protein is acting as a decoy for the evolutionary target of 4D09.  
As the nematode builds its feeding site, the plant tries to recognize and stop the invader. In 
order to counteract these defense responses, the nematode must secrete other effectors to mask its 
presence and inhibit plant defenses. This evolutionary arms race is elegantly described by (Dangl and 
Jones, 2001). Presented here, is an example of this race where the plant has learned to recognize the 
pathogen via the effector 4D09. This work fosters further questioning to clarify the role of 4D09. 
Specifically, what mechanism does the plant use to recognize the pathogen and what defense 
pathways does it initiate? Some of this could be studied by looking at the differentially expressed 
genes from the microarray and characterizing their roles in parasitism. It will also be beneficial to 
know the evolutionary purpose of 4D09’s secretion. Was its original target the 14-3-3 and if so what 
downstream pathway is the worm trying to regulate? Or is the intended target a different protein and 
14-3-3 is acting as a decoy for the intended target?  
In general, cyst nematodes can infect a wide range of hosts. The incompatible interaction we 
described was substantiated using the Arabidopsis thaliana/Heterodera schachtii pathosystem. What 
is the function of 4D09 in the infection of its other hosts such as sugar beet or canola? In these hosts 
4D09 could retain its evolutionary responsibility in virulence. The 4D09 homolog from SCN interacts 
with a soybean 14-3-3 homologue similar to 14-3-3Ɛ, this begs the question, does that interaction 
have a defense-triggering function similar to what was seen in Arabidopsis?  
It is evident that infection by cyst nematodes causes extensive molecular changes in the plant 
roots. The work presented here is a small portion of the diverse array of effector proteins secreted into 
the plant cell.  Yet, it is obvious that the parasite targets a significant number of plant networks. In the 
coming years the roles of many more of these effectors will be exposed and it will be possible to 
piece together the important components for successful parasitism. That knowledge will then provide 
opportunities to perturb the system and successfully breed for resistance to this destructive pathogen.  
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